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FOREWORD 


This  report  contains  the  proceedings  of  the  DICE  THROW  Symporium  held  21-23 
June  1977  at  the  Ballistic  Research  Laboratory  (BRL),  Aberdeen  lYoving  Ground,  Mary- 
land. The  report  is  divide  /nto  four  volumes.  Volumes  I through  3 contain  the  unclassi- 
fled  presentations  ai'd  \ olume  4 contains  the  classified  presentations.  . 

The  DICE  THROW  Event,  whk..h  was  conducted  near  the  Giant  Patriot  site  on 
the  White  Sands  Missile  Range  (WSMR),  6 October  1976,  was  the  final  test  of  tliJ  DICE 
THROW  Program.  The  charge  for  this  test  was  composed  of  approximately  628  tons 
(570  metric  tons)  of  amisionium  nitrate  fuel  oil  (ANFO).  The  charge  corfiguntion  was  a 
right-circular- cylinder  base  tangent  to  the  surface  with  a hemispherical  top,  the  same 
configuration  as  the  second  event  in  the  Pre-DICE  THROW  U Series.  The  nrimary  objec- 
tives of  this  test  were  to  provide  a simulated  nuclear  blast  and  shock  environment  for 
targe'  re^onse  experiments  that  art  vitally  needed  by  the  military  service:  and  defense 
agencies  concerned  with  nuclear  weapons  effects,  and  lo  coiifiim  empirical  prcdictio.is 
and  theoretical  calculations  for  shock  reipoiise  of  military  structures,  equipment,  and 
weapon  systems. 

A complement  of  33  experimentcis  and  support  agencies  (including  foreign 
govemments)  participated  in  Event  DICE  THROW.  For  detaib  p^ntaining  to  the  as-built 
experijnent  configurations,  site  and  charge  descriptions,  and  fielding  requirements  in 
support  of  this  program,  refer  to  the  DICE  THROW  Test  Execution  Report,  POR  6965. 
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BLAST  EFFECTS  ON  THE  CREWS  OF 
U.  S.  ARMY  TACTICAL  EQUIPMENT 


FOREWORD 

This  report  presents  Information  obtained  by  the 
Lovelace  Biomedical  and  Environmental  Research  Institute, 
Inc.  in  support  of  U.  S.  Army  projects  on  Event  Dice  Throw. 
Anthropomorphic  dummies  were  placed  within  U.  S.  Army  equip- 
ment items  in  order  to  evaluate  the  blast  effects  on  crew 
personnel. 

The  Dice  Throw  Event  was  a 600-Ton  (ANFO)  charge  de- 
tonated on  the  surface,  October  1976,  at  White  Sands  Mis- 
sile Range,  Giant  Patriot  Site. 

Funding  was  provided  to  Lovelace  by  the  U.  S.  Army 
Ballistic  Research  Laboratories  through  an  interagency 
agreement  with  the  U.  S.  Energy  Research  and  Development 
Administration,  Albuquerque  Operations  Office. 

The  underground  command  post  included  in  the  field 
test  was  a coordinated  effort.  The  structure  was  prefab- 
ricated at  the  Lovelace  Foundation  and  funded  by  the  Defense 
Nuclear  Agency,  Contract  No.  DNA  001-75-C-0237 . 
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INTRODUCTION 


The  Lovelace  Foundation  provided  support  to  four 
Army  projects  or.  the  Dice  Throw  Event.  The  support  in- 
cluded providing  dummies  that  were  instrumented  with  peak- 
g reading  gages,  placing  the  dummies  inside  on,  or  near  the 
various  equipment  items,  and,  from  the  results,  predicting 
what  the  blast  effects  might  be  on  the  crew  personnel  asso- 
ciated with  these  equipment  items.  The  projects  were:  (1) 
U.  S.  Army  Weapon  Systems,  (2)  Command  Control  and  Comitmni- 
catioo  Shelter  Systems  (Electronic  Equipment  Shelters). 

(3)  a foreign  Vehicle,  and  (4)  a Drone  Helicopter. 

In  evaluating  the  blast  effects  on  the  crew  per.son- 
nel,  information  obtained  from  other  projects  was  utilized, 
i.e.,  motion-picture  films  of  the  dummy  motions,  electronic 
accelerometer  measurements  from  inside  the  dummies,  and 
pressure-time  measurements. 


PROCEDURES 

Dummies 


A total  of  37  anthropomorphic  dummies  were  used  on 
the  test.  Each  weighed  155  lb  and  was  5 ft  8 in.  tall.  Six 
of  the  dummies,  numbered  1 through  6,  were  manufactured  by 
Alderson  and  were  of  a 1960  vintage.  All  the  other  dummies 
were  fabricated  at  the  Lovelace  Foundation  and  were  roughly 
equivalent  to  the  Alderson  dummies  in  the  degree  of  sophis- 
t ication . 

All  the  dummies  contained  a skeletal-like  structure 
of  steel  around  which  expandable  polyurethane  foarr.  plastic 
was  cast.  There  were  joints  at  the  neck,  shoulder,  elbcws, 
wrists,  hips,  knees,  and  ankles.  The  Lovelace  dummies  did 
not  have  ankle  joints.  The  dummy  joints  were  adjustable; 
e.g.,  the  standing  dummies  would  have  the  hip  and  the  knee 
joints  tightened  more  than  the  dummies  that  were  in  a seated 
position. 

Each  dummy  contained  a chest  cavity  in  which  accel- 
erometers, electronic  and/or  passive,  could  be  installed. 

All  the  dummies  wore  G.I,  fatigue  uniforms  and  G.I  boots. 
White  motorcycle  helmets  were  worn  by  most  of  the  dummies 
to  simulate  those  worn  by  crew  members  inside  vehicles  and 
to  provide  contrast  in  the  camera  viewing  field.  The  few 
exceptions  will  be  mentioned  later. 


I mp  ac  t - 0- Grap  h si® 

Omni-g,  all-directional  g- indicators  (Impact-0- 
Graph®  Corporation)  were  placed  on  a shelf  inside  the  chest 
cavity  of  each  dummy.  Each  gage  contained  two  sets  of 
spring-loaded,  steel  balls  that  were  held  in  a recess  in 
the  side  of  a transparent  housing  formed  from  impact-resist- 
ant plastic.  The  steel  balls  would  unload  if  impact  or 
shoc\  forces  from  any  angle  exceeded  their  rated  values. 


These  gages  measured  peak  g only,  and  according  to 
the  manufacturer,  they  have  a frequency  response  that  is 
virtually  flat  from  zero  to  60  Hz.  The  omni-g  Impact-0~ 
graph®  must  receive  a pulse  of  at  least  the  instrument's 
rated  g for  at  least  8.4-msec  duration  to  unload  the  steel 
balls. 


In  the  laboratory,  calibration  curves  were  compiled 
relating  the  impact  velocity  of  dummies  free  falling  flat 
onto  a concrete  slab  to  the  g level  at  which  the  Impact-0- 
Graphs®  located  in  the  chest  cavity  would  unload.  Figure 
/-I,  Appendix  A.  Each  dummy  contained  four  gages  that 
spanned  the  ranges  of  Impact  velocities  required  for  no  in- 
jury up  to  a high  probability  of  injury  for  whole-body  im- 
pact, Table  A-1,  Appendix  A.  Higher  impact  velocities  were 
required  to  unload  an  Impact-O-Graph®  of  a given  rating  in- 
side the  Aldorson  dummies  than  inside  the  Lovelace  dummies. 
The  Ix)velace  ones  were  constructed  of  a softer  and  thicker 
foam  plastic. 

Figure  A-2  and  Table  A-2  of  Appendix  A present 
blast  displacement  criteria  (Reference  1).  One  criterion 
was  based  on  laboratory  experiments  wherein  sheep  were 
dropped  in  different  impact  orientations  onto  a concrete 
slab.  Ihe  other  criterion,  for  tumbling  impacts,  was  ob- 
tained by  blast  displacing  sheep  out  of  the  end  of  a 6-ft- 
diameter  shocktube  over  flat  ground. 


Motion-Picture  Cameras 

All  the  dummies  were  viewed  with  IBnun-motion-picture 
cameras  during  the  blast.  Motion-picture  cameras  viewed 
the  equipment  items  from  both  the  inside  and  outside.  The 
motion-pictui'e  cameras  were  the  responsibility  of  the  Denver 
Research  Institute  project. 
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Film  Analysis 

The  filnis  taken  of  the  dummies  during  the  blast  wave 
were  projected  onto  a small  screen  and  their  displacements 
recorded  frame-by-frame.  Usually,  the  head  was  used  as  a 
reference  point.  Velocities  toward  ground  zero  were  labeled 
positive  and  those  away  from  ground  zero  labeled  negative. 
Charts  giving  displacement  vs  time  were  prepared  for  each 
film.  The  peak  velocity  and  distance  of  travel  were  indi- 
cated on  each  chart . 


Electronic  Accelerometers 

Tri-axial  accelerometers  (Columbia  Model  512)  were 
placed  in  nine  of  the  dunanies  located  within  the  Army  Weap- 
on Systems.  Accelerometer  mounts  were  cemented  to  the  back 
upper  center  of  the  thorax  cavity.  Signals  from  the  gages 
were  hard  wired  back  to  a bunker  at  tlie  1370-ft  range.  The 
records  provide  acceleration  vs  time  on  three  axes  (x,  y. 
and  z).  Because  of  the  way  the  gage  was  mounted  to  the  back 
of  the  thorax,  the  directions  of  the  x,  y,  and  z axes  differed 
from  those  normally  used  in  human  and  dummy  nomenclature. 
Instead  it  was  the  following:-  x axis  was  up  (-)  and  down 
(+);  z axis  was  front  <•*■)  and  back  (-);  and  y was  the  lateral 
axis.  Movement  to  the  left  would  generate  a (■♦•)  signal  and 
movement  to  the  right  a (-)  signal. 

Dummies  numbered  2,  4,  5,  7 through  10,  44,  and  45 
contained  electronic  accelerometers  inside  their  chest  cavi- 
ties . 


Acceleration  measurements  were  the  responsibility 
of  the  Nuclear  Weapons  Effect  Branch  at  White  Sands  Missile 
Range  (WSMR). 

Accelerometers  were  also  placed  at  selected  locations 
on  the  weapon  systems  by  the  WSMR  group. 


Pressure-Time  Measurements 

Pressure  transducers  were  placed  on  the  surface  ad- 
jacent to  most  of  the  Army  equipment  items.  The  Nuclear 
Weapons  Effects  Branch  undertook  the  P-T  measurements  in 
connection  with  the  U.  S.  Army  Weapon  Systems,  and  the  Bal- 
listics Research  Laboratories  (BRL)  undertook  the  measurements 
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in  connection  with  the  Electronic  Equipment  Snelters,  Blast 
Line  2;  Foreign  Vehicle,  Blast  Line  3;  and  Drone  Helicopter, 
Blast  Line  1. 

Because  the  free-field  airblast  measurements  were 
limited  within  the  U.  S.  Army  Weapon  Systems  layout,  those 
measurements  taken  in  the  open  along  Blast  Line  3 by  BRL 
(Reference  2)  were  applied  to  and  considered  to  be  the  blast 
levels  received  at  the  various  stations.  Blast  Line  3 was 
located  along  the  south  edge  of  the  weapon  systems  layout. 


U.  S.  Army  Weapon  Systems 

A layout  drawing  for  the  0.  S.  Army  Weapon  Systems 
appears  in  Figure  B-1,  Appendix  B,  giving  the  station  num- 
bers, dummy  numbers,  camera  locations,  along  with  the  ranges 
and  corresponding  measured  overpressures.  The  precise  bear- 
ings of  these  items  on  the  test  bed  are  listed  in  Table  B-1 
in  Appendix  B. 

Station  1 - M60  Main  Battle  Tank 

There  were  three  dummies  seated  inside  the 
M60  at  the  580-ft  range:  one  each  in  the  driver's  (no.  1), 
gunner's  (2),  and  commander's  (11)  position.  Figures  B-2 
through  B-4 , Appendix  B.  In  addition,  a prone  dummy  (35) 
was  positioned  head-on  to  the  blast  adjacent  to  the  M60  at 
Station  1.  Dummy  No.  2 was  equipped  with  an  electronic  ac- 
celerometer inside  its  chest  cavity. 

Station  2 - M551  Sheridan 

There  were  two  dummies  seated  inside  the 
M551  at  the  820-ft  range:  one  in  the  gunner’s  (3)  and  one 
in  the  commander's  (4)  position.  In  addition,  there  were 
two  dummies  positioned  outside  the  M551:  one  dummy  (36)  was 
standing  facing  ground  zero  7.5  ft  from  the  left  side  of  the 
vehicle  and  one  dummy  (37)  was  standing  4 ft  to  the  rear  of 
the  vehicle.  Figure  B-5,  Appendix  B.  Dummy  No.  4 contained 
an  electronic  accelerometer  inside  its  chest  cavity. 

Station  3 - M109  Self-Propelled  Howitzer 

There  were  two  dummies  inside  the  M109  at 
the  740-ft  range.  One  dummy  was  standing  in  a gunner's  (7) 
position  and  the  other  was  standing  in  back  of  the  gunner 
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as  a section  chief  (S).  Figure  B-6,  Appendix  B.  Each  dummy 
contained  an  electronic  accelerometer  innicie  its  chest  cavi- 
ty. In  addition,  a dummy  (40)waG  positioned  standing  7.5 
ft  to  the  rear  of  the  M109,  Figure  B-7,  Appendix  B. 

Station  4 - Underground  Command  Post 

There  were  three  dummies  inside  the  Under- 
ground Command  Post  at  the  740- ft  range.  One  dummy  (14)  was 
5 ft  inside  and  in  line  with  the  entryway.  The  other  two 
dummies  (13  and  12)  were  5 and  10  ft,  respectively,  from 
the  upstream  wall  and  to  the  left  of  Duirmy  No.  14;  Figure 
B-8,  Appendix  B.  The  personnel  chamber  was  14  x i4  x 6.5 
ft.  The  roof  of  the  shelter  was  approximately  2 f beneath 
ground  level  with  a 2-ft  earth  mound.  The  entryway  and 
entryway  tunnel  were  2 x 4 ft  in  cross  section.  The  verti- 
cal portion  of  the  entryway  was  8.5  ft  deep  followed  by  the 
entryway  tunnel  that  was  approximately  10  ft  long.  The 
shelter  was  tested  open.  A diagram  of  the  Underground  Com- 
mand Post  is  shown  in  Figure  B-9,  Appendix  B. 

Station  5 - M551  Sheridan  90® 

There  were  two  dummies  inside  the'  M551 
Sheridan  that  was  left-slde-on  at  the  820-ft  range  One 
dummy  (5)  was  located  in  the  gunner’s  seat  the  the  other 
dummy  (6)  was  in  the  loader's  position.  Dummy  No.  5 con- 
tained an  electronic  accelerometer  inside  its  chest  cavity. 

Station  6 - M577  Communications  Van 

There  were  two  dummies  seated  inside  the 
M577  communications  van  which  was  right-side-on  to  the  blast 
at  the  965-ft  range.  One  dummy  was  in  the  driver’s  (9)  and 
one  was  in  the  commander’s  (10)  position.  The  latter  was 
facing  the  rear  of  the  vehicle.  Both  dummies  contained 
electronic  accelerometers  inside  their  chest  cavities. 

Station  7 - MllO  Self-Propelled  He.  itzer 

There  were  three  dummies  positioned  on  the 
MllO  at  the  965- fi  range.  One  was  seated  in  the  gunner's 
(44)  seat  and  one  was  in  the  assistant  gunner's  (45)  position. 
The  third  dummy  (38)  was  standing  at  the  right-rear  portion 
of  the  vehicle  facing  ground  zero.  It  was  held  erect  by 
leaning  slightly  against  the  folded  se?.t , Figure  D-10,  Appen- 
dix B.  Dummy  Nos.  44  and  45  contained  electronic  accelerom- 
eters inside  their  chest  cavities. 
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station  8 - CLGP  Laser-Guided  Projectile 

A dummy  (15)  was  standing  7.5  ft  from  the 
CLGP  facing  ground  zero  at  the  1050-ft  range,  Figure  B-11, 
Appendix  B. 

Station  9 - XM204  Towed  Howitzer 

A dummy  (16)  was  standing  3.5  ft  from  the 
XM204  at  the  1112-ft  range.  Figure  B-12,  Appendix  B. 

Station  10  - Forward  Observer 

A prone  dummy  (17)  was  head-on  to  the  blast 
in  the  forwai d observer's  position  at  the  1370-ft  range, 
Figure  B-13,  Appendix  B. 

Station  12  - M577  Deployed 

There  were  two  dummies  positioned  beneath 
the  deployed  M577  at  the  1370-ft  range.  One  dummy  (18) 
was  standing  face-on  to  the  blast  and  the  other  dummy  (19) 
was  seated  at  a table  right-side-on  to  the  blast.  As  seen 
in  Figure  B-13,  Appendix  B,  a portion  of  the  canopy  was  left 
open. 


Station  14  - XM198  Towed  Howitzer 

One  dummy  (41)  was  positioned  standing  in 
front  of  the  XM198  at  the  2400-ft  range,  Figure  B-14 , Appen- 
dix B. 

All  the  vehicles  were  completely  closed  dur- 
ing the  test,  except  the  deployed  M577  at  Station  12.  None 
of  the  dummies  inside  the  vehicles  wore  seat  belts  and  were 
not  restrained  in  any  way.  The  seated  ones  could  be  rocked 
from  side-to-side  with  a minimum  of  force.  Likewise,  the 
standing  ones  could  easily  be  pushed  over.  This  demonstra- 
ted the  fact  that  they  could  be  expected  to  topple  over  with 
minimal  vehicle  movement . 

The  dummies  which  were  standing  in  the  open 
were  held  erect  by  leaning  them  against  an  inverted  U-shaped 
pipe  structure  (goal  post).  During  the  blast,  their  arms 
were  down  at  their  sides  and  not  in  front  of  the  goal  post 
as  shown  in  the  preshot  photographs  that  were  taken  a few 
days  before  ^hot  time. 


Electronic  Equipment  Shelters 


Figure  C-1,  Appendix  C,  gives  the  layout  of  those 
shelters  that  contained  dummies.  The  shelters  were  all 
truck-mounted  and  left-side-on  to  ground  zero.  Each  shelter 
contained  two  dummies,  one  standing  and  one  sitting.  All 
the  dummies  were  equipped  with  Impact -0-Graph®  gages  but  not 
with  helmets.  The  shelters  were  closed  during  the  blast. 

The  cameras  that  viewed  the  dummies  were  mounted  on  the  rear 
wall  adjacent  to  the  door.  The  dimensions  of  the  S280 
shelters  were  7.2  x 12  x 7 ft. 

Shelter  Rl/ClO 

The  S250  retrofit  shelter  at  the  1120-ft 
range  did  not  contain  electronic  equipment.  Dummy  No.  26 
was  standing  facing  ground  zero  with  its  right  arm  extended 
against  the  upstream  wall  for  support.  Dummy  No.  27  was 
seated  facing  ground  zero.  Figure  C-2,  Appendix  C. 

Shelter  04/C16 

The  S280  shelter  was  at  the  1370-ft  range 
and  contained  electronic  equipment  on  racks  across  the 
front  wall.  Dummy  No.  28  was  standing  left  side  toward 
ground  zero  with  its  right  arm  extended  against  the  elec- 
tronic equipment.  Dummy  No.  29  was  seated  and  faced  ground 
zero. 

Shelter  07/C26 

This  S280  shelter  was  at  tho  2000-ft  range 
with  electronic  equipment  in  racks  along  the  front  wall. 
Dummy  No.  31  was  standing  left  side  toward  ground  zero  with 
its  right  arm  extended  against  the  electronic  equipment. 
Dummy  No.  30  was  seated  and  faced  ground  zero. 


Foreign  Tactical  Vehicle 

Figure  D-1,  Appendix  D,  gives  a layout  drawing  show- 
ing the  one  foreign  vehicle,  a Dutch  Armored  Infantry  Fight- 
ing Vehicle,  on  the  test  bed.  Duntmies  were  placed  in  the 
driver's  (34),  commander's  (33,  and  passenger's  (32)  seats. 
The  commander's  hatch  was  left  open  for  the  test  with  the 
commander's  head  extending  above  the  hatch  opening,  see  Fig- 
ures D-2  and  D-3  of  Appendix  D.  The  two  firing  ports  on  the 


right  side  of  the  vehicle  were  open  during  the  blast.  All 
throe  of  the  dummies  were  secured  in  their  seats  with  lap 
seat  belts.  The  dummies  contained  Impact-O-Graph®  gages 
only.  Dumiry  Mo.  32,  seated  to  the  right  rear  side  of  the 
vehicle,  was  viewed  with  a camera  mounted  near  the  left  wall. 
The  commander  was  viewed  by  a camera  outside  the  vehicle. 


Drone  Helicopter 

The  test  array  for  the  dummy  (39)  in  the  UIIl  Drone 
Helicopter  appears  in  Figure  E-l,  Appendix  E.  The  helicopter 
\/as  Icft-side-on  tc  the  blast  at  the  2750“ft  range.  The 
durriny  was  seaxed  on  the  It  ft  side  of  the  aircraft  in  the 
pilot’s  po.slT.ion  and  was  secured  in  its  seat  with  the  air- 
craft's restiainli.g  harness.  The  dummy  wore  a helicopter 
pilot's  helmet  with  the  visor  down,  Figure  E-2,  Appendix  E. 

To  ensure  that  the  dummy's  limbs  would  not  interfere  with 
the  controls  of  the  aircraft  during  its  interaction  with 
the  blast  wave,  the  arms  were  placed  ur>rter  the  harness  straps 
and  the  feet  were  secured  with  nylon  lines  to  the  seat.  The 
motion-picture  camera  viewed  the  dummy  from  the  rea-  of  the 
cabin.  in  addition  tw  four  Impact-C-Graphr.®,  the  chest  ca- 
vity contained  a pre.ssure-tlme  gage. 


RESULTS 

U.  S.  Army  Weapon  Systems 

Table  B-?  lists  the  pre-  and  postshot  positions  of 
duvwnies,  damage  to  the  dummies  themselves  as  we.ll  as  to 
their  clothing  and  the  Impact-O-Graphs®  that  were  unloaded. 
Included  in  the  table  are  summaries  of  the  dummy  motions 
obtained  from  the  motion-picture  analysis.  The  detailed 
displacemenc  vs.  time  curves  from  the  film  analysis  appear 
in  Figures  3-15  through  B-26  in  Appendix  B.  In  general,  the 
bias '■-displacement  effects  exhibited  by  the  dummies  that 
were  inside  the  weapon  3ys'''e’ns  were  minimal,  and  most  of  'the 
duirasies  were  iound  in  their  exact  preshot  position  without 
oamage  to  thei.isel’es  or  their  clclhing.  The  lack  of  blast- 
displacement  effects  on  the  dummies  was  subst.antiated  by  the 
Impact-O-Graphs®  not  unloading  and  the  very  low  velocities 
attained  by  ^he  dummies  as  determined  from  the  film  analysis. 
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Station  1 - M60  Ma/n  Battle  Tank 

Duruny  No.  1,  ii.  the  driver's  seat  of  the 
M60  tank,  was  moved  3 inches  in  its  seat  to  the  Ir  r*;  irom 
its  original  position,  and  there  was  a small  tear  aOovg  the 
right  knee  o'‘  itr  trousers  which  was  probably  caused  by  the 
periscope  assembly  that  was  blown  in  by  the  blast  and  was 
found  postshot  partially  on  the  dummy's  arm,  Figure  B-1^7, 
Appendix  B.  Dummy  No.  2,  in  the  gunner’s  seat,  and  No.  11, 
in  the  cominander ' .<?  seat,  were  in  their  exact  preshot  loca^ 
tions.  None  cf  the  Impact-O-Graphs®  were  unloaded  ir.  these 
three  dummies. 

That  the  lO-g  Impact-O-Graph®  was  not  dis- 
lodtisd  in  the  dummy  (11)  in  the  commander's  position  was 
remarkable  rnd  indicated  less  than  .a  10  g accej  ration  and 
probaiily  no  impacts. 

Dummy  No.  35  that  was  prone  on  the  ground 
outside  the  M30  tank  was  displaced  87  ft  downstream.  Film 
records  were  not  obtained  at  station  1.  Both  the  10 -g  and 
40-g  Ir..pact-0-Graphs®  were  unloaded. 

Station  2 - M551  Sheridan 

Dummy  No.  3 in  the  gunner’s  seat  shifted  a 
little  back  and  right  In  its  seat  from  its  preshot  location 
and  was  leaning  slightly  forward.  The  film  record  showed 
chat  its  head  moved  forward  at  5 ft/sec  for  1 inch  before 
being  obscured  by  the  dust.  The  results  of  other  film  anal- 
ysis shewed  t’.^e  dummies  reached  their  peak  velocities  with- 
in the  first  few  inches  of  travel  so  that  5 ft/sec  was  prob- 
ably the  peak  velocity  for  that  dummy. 

The  dummy  in  the  commander's  (4)  seat  was 
undamaged  and  was  in  its  exact  preshot  position.  The  film 
analysis  showed  that  its  head  moved  fo.-ward  at  2 ft/sec  for 
1 inch  before  being  obscured  by  dust . The  Impact-O-Graphs® 
were  not  unloaded  ir.  either  of  the  dummies. 

Outside  the  Sheridan  Tank,  Dummy  No.  36, 
that  was  standing  to  the  left  of  the  vehicle,  was  displaced 
about  38  ft  downstream  by  the  blast,  and  the  film  record 
showed  that  it  reached  a peak  velocity  of  37  ft/sec,  Figure 
B-28,  Appendix  B.  There  was  no  damage  to  the  dununy  or  its 
clothing.  The  10-g  Impact-O-Graph®  was  unloaded. 


In  contrast,  Dummy  No.  37  that  was  standing 
4 ft  to  the  rear  of  the  vehicle  was  displaced  only  6 ft, 

Figure  B-28.  Appendix  E.  Most  of  this  distance  could  be  at- 
tributed to  Just  falling  over.  The  camera  view  of  Dummy  37 
was  obscured  by  dust.  The  JO-g  Impact -O-Graph®  was  unloaded. 

Station  3 - M109  Sel f-Prcpel led  Howitzer 

Neither  Dummy  No.  7 that  was  standing  in  the 
gunner's  position  nor  Dummy  No.  S that  was  standing  in  back 
of  the  gunner  was  damaged  by  the  blast.  Postshot,  Dummy  No. 

H was  found  tilted  back  against  the  real  wall  and  the  gunner 
(7)  was  leaning  against  him  and  the  loading  ram,  Figure  E-29 
of  Appendix  B.  According  to  the  film  record,  the  heads  of 
both  dummies  movea  initially  toward  ground  zero  at  3 ft/sec 
for  Just  2 inches  and  then  moved  toward  the  rear  of  the  ve- 
hicle without  sustaining  any  impacts  in  the  forward  direction. 

Dummy  No.  40  that  was  standing  7.5  ft  to  the 
.rear  of  the  M109  was  moved  only  5 ft  downstream  by  the  blast. 
The  10-g  Impact-O-Graph®  was  unloaded.  There  was  no  damage 
to  the  dummy  or  its  clothing.  The  camera  view  of  this  dum- 
my was  obscured  by  dust. 

Station  4 - Underground  Command  Post 

Only  one  dummy  (14)  was  displaced  by  the 
blast  wave  entering  the  Undeigrouad  Command  Post.  The  dum* 
my,  initially  standing  5 ft  inside  the  door,  was  found  on 
its  back  against  th ? rear  wall.  Figure  B-30,  Appendix  B. 

This  dummy  sustained  a 2-inch-long  laceration  beneath  its 
chin.  The  motion-picture  films  showed  that  this  dummy 
reached  a velocity  of  18  ft/sec  and  impacted  the  rear  wall 
after  its  center  of  mass  had  moved  about  6 ft  backwards. 

The  other  two  dummies  inside  the  Underground 
Command  Post  were  not  damaged  by  the  entering  blast  wave. 

No.  13,  standing  5 ft  inside  the  door  to  the  left,  simply 
fell  forward.  The  camera  view  was  obscured  by  dust  in  that 
area  of  the  shelter  so  the  reason  for  Dummy  No.  13  falling 
over  could  not  be  determined.  Its  head  was  not  damaged  be- 
cause the  top  center  was  metal  to  receive  an  eye  bolt  and 
was  the  point  of  contact  with  the  wall,  Figure  B-31 , Appendix 
B. 


Figure  B-30,  Appendix  B,  shows  Dummy  No.  12 
remained  standing. 
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Station  5 - M551  Sheridan 


Inside  the  M551  that  was  left-side-on  to 
the  blast,  Dummy  No.  5 in  the  gunner's  seat  moved  about  6 
inches  to  the  right  in  Its  seat  and  slid  forward  about  3 
inches.  The  film  record  showed  the  dummies  head  moved 
initially  to  the  left,  toward  ground  zero,  at  2 ft/sec  for 
3 inches  and  then  to  the  right  at  2 ft/sec  for  3 inches  with 
no  evidence  of  impacts.  Dummy  No.  6,  in  the  loader’s  seat, 
was  found  postshot  leaning  over  in  its  seat  against  t.he 
commander's  step,  Figure  B-32 , Appendix  B.  Some  movement 
was  observed  on  the  motion-picture  films,  but  there  were 
no  good  reference  points  from  which  to  obtain  displacement 
data.  No  impacts  were  observed.  Dummy  Nos.  5 and  6 were 
not  damaged,  their  clothing  was  intact,  and  the  Impact-0- 
Graphs®  were  not  dislodged. 

Station  6 - MB77  Communications  Van 

Dummy  No.  9 in  the  driver’s  seat  remained 
in  its  preshot  position.  It  was  not  damaged,  nor  were  any 
of  the  Impact-O-Graphs®  dislodged.  The  film  record  did  not 
show  movement  of  this  dummy  for  25  msec  before  it  was  ob- 
scured by  dust.  However,  any  movement  would  have  begun 
within  this  time  period.  Dummy  No.  10  in  the  comn;ander's 
seat  was  not  damaged  and  was  found  leaning  over  to  the  right 
in  its  seat.  Film  analysis  showed  that  its  head  moved  to 
the  left  toward  ground  zero  at  3 ft/sec  for  a distance  of  5 
inches  and  then  moved  to  the  right  at  5 ft/sec  for  20  inches 
as  it  leaned  over  in  its  seat.  There  were  no  impacts. 

Station  7 - MllO  Self-Propelled  Howitzer 

There  was  no  damage  to  Dummy  No.  44  in  the 
gunner’s  seat  on  the  upstream  side  of  the  MllO.  This  dum- 
my remained  in  its  preshot  position  and  the  film  record 
showed  that  it  moved  to  the  right  at  8 ft/sec  for  11  inches 
before  being  obscured  by  dust.  The  assistant  gunner,  45, 
on  the  right  side  of  the  weapon,  also  remained  undamaged  in 
its  preshot  location.  No  movement  was  detected  in  the  films 
for  43  msec  when  the  camera's  view  was  obscured  by  dust. 
Again,  if  movement  did  occur,  it  should  have  started  during 
this  relatively  long  time  period.  Dummy  No.  38  that  was 
standing  on  the  rear  porti  n of  the  MllO  was  blown  from  the 
vehicle  for  a distance  of  about  5 ft.  The  10- g Impact-0- 
Graph®was  dislodged  and  the  dummy  sustained  damage  to  the 
soft  portion  of  both  hands,  along  with  small  lacerations  on 
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the  right  shoulder  and  left  elbow.  According  to  the  film 
record  analysis,  this  dummy  attained  a velocity  of  15  ft/sec 
and  moved  10  inches  before  dust  obscured  the  camera's  view. 

Station  8 - Laser-Guidrd  Projectile 

The  dummy  (15)  that  was  standing  adjacent 
to  the  Laser-Guided  Projectile  was  displaced  11.5  ft  by  the 
blast,  Figure  B-33,  Appendix  B.  The  film  record  analysis 
showed  that  its  center  of  mass  reached  a peak  velocity  of 
17  ft /sec.  The  dummy  was  not  damaged  and  the  iO-g  Impact - 
0-Graph®  was  unloaded. 

Station  9 - XM204  Towed  Howitzer 

The  dummy  (16)  at  this  station  was  not  dam- 
aged after  being  displaced  10  ft  by  the  blast . and  according 
to  the  film  record,  it  attained  a peak  velocity  of  14  ft/sec. 
Figure  B-34,  Appendix  B. 

Station  10  - Forward  Observer 

Dummy  No.  17  that  was  prone,  face-on  to 
ground  zero  at  this  station  was  not  moved  by  the  blast  and 
remained  in  its  exact  preshot  location.  Figure  B-35,  Appen- 
dix B.  There  was  no  damage  to  the  dummy  or  to  its  clothing 
and  the  Impact-O-Graph®  was  intact. 

Station  12  - M577  Deployed 

The  dummy  (18)  that  was  standing  beneath 
the  canopy  was  displaced  6 ft  downstream.  In  contrast  to 
the  other  ones  standing  in  the  open,  it  was  found  face  down. 
The  seated  one  was  displaced  about  4 ft.  Figure  B-35,  Appen- 
dix B.  The  10-g  Impact-O-Graphs®  were  unloaded  in  both  dum- 
mies. Film  records  were  obtained,  but,  because  the  camera 
positions  were  upacream  and  downstream  of  the  station,  dis- 
placement time  was  not  obtained. 

The  canopy  was  first  shredded  by  the  blast 
and  then  the  frame  of  tubing  narrowly  missed  the  dummies  as 
it  rotated  about  180  degrees  to  the  downstream  side  of  the 
vehicle . 


Station  14  - XM198  Towed  Howitzer 

Dummy  No.  41  that  was  standing  in  front  of 
the  howitzer  facing  ground  zero  was  displaced  5 ft  1 inch 
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downstream.  The  displacement  distances  were  measured  from 
the  goal  post  to  the  belt  buckle  of  the  dummy.  Consequently,  ^ 
most  of  this  distance  resulted  from  merely  falling  over  back--^ 
wards.  The  dummy's  initial  velocity  was  1-2  ft/sec;  and,  « 
as  the  film  record  showed,  in  simply  falling  over  backwards 
in  a rigid  posture,  its  center  of  mass  impacted  the  ground 
at  13  ft/sec  and  its  head  at  21  it/sec.  The  10-g  Impact-^- 
Graph®  was  dislouged. 


Electronic  Acceleration  Records 

Acceleration  records  from  the  electronic  gages  in- 
side the  dummies  are  illustrated  in  Figures  B-36  through 
B-53,  Appendix  B.  Two  sets  of  records  for  each  gage  are 
included:  one  nonfiltered  and  one  filtered  wherein  the  sig- 

nal from  the  gage  was  fed  through  a 200-Hz  filter  at  the  time 
of  the  recording.  The  peak-g  values  for  all  of  the  records 
were  read  by  the  Nuclear  Effects  Group  at  White  Sands  Missile 
Range.  The  peak-g  values  are  indicated  on  the  illustrated 
records.  Calibration  bands  were  placed  on  the  left  side  of 
each  record  and  the  time  to  detonation  zero  (det.  zero)  was 
indicated.  The  curved  line  drawn  through  the  initial  portion 
of  the  nonfiltered  records  was  used  in  obtaining  preliminary 
peak-g  values  and  does  not  represent  the  final.  These  curved 
lines  do  not  represent  the  final  peak-g  readings  and  should 
be  ignored. 

There  was  considerable  noise  evident  in  all  the  rec- 
ords whichusually  showed  the  same  waveshape  on  all  three 
axes  of  a particular  gage.  The  extensive  amount  of  noise  on 
the  record  made  it  difficult  to  distinguish  the  true  shape 
of  the  acceleiation  signal.  The  duration  of  the  accelera- 
tions appears  to  be  on  the  order  of  30  to  40  msec. 

The  peak-g  measurements  are  summarized  in  Table  B-3, 
Appendix  B.  The  highest  g values  were  measured  in  the  gunner 
(44)  and  as.sistant  gunner  (45)  on  the  MllO  at  Station  7. 

Less  than  10  g was  measured  inside  four  of  the  dummies:  No,  2 
in  the  gunner's  seat  of  the  M60,  No,  4 in  the  commander's 
seat  of  the  M55i  (Station  2),  and  Nos,  6 and  10  in  the 
driver's  and  commander's  positions  inside  the  M577  (Station 
6). 


-14- 


Pressure  Time  Measured  Inside  Vehicles 


There  were  three  successful  pressure-time  measure- 
ments taken  inside  the  vehicles  by  the  WSMR  Nuclear  Effects 
Group.  These  waveforms  appear  in  Appendix  B,  Figure  B-54. 
Inside  the  M60  Tank  a peak  pressure  of  19  psi  was  measured 
by  the  gage  located  on  the  rear  wall.  The  time-to-peak 
pressure  was  on  the  order  of  15  msec  and  the  pressure  dura 
tion  was  near  220  msec.  The  outside  pressure  was  43  psi 
the  580-ft  range. 

Inside  the  M109  the  gage  on  the  left  wall  recorded 
2.5-psi  peak  pressure,  a time-to-peak  of  15  msec,  and  a 
total  pressure  duration  on  the  order  of  190  msec.  The  out- 
side pressure  at  the  740-ft  range  was  21  psi. 

Inside  the  M577,  Station  6,  that  was  at  the  965-ft 
range,  a peak  pressure  of  2.6  psi  with  a time-to-peak  of 
20  msec  was  recorded  inside  the  vehicle  on  the  upstream 
wall.  The  outside  pressure  was  9.2  psi. 


Electronic  Equipment  Shelters 

All  three  of  the  vehicles  with  electronic  equipment 
shelters  containing  dummies  were  in  an  upright  position 
postshot.  The  four  dummies  inside  the  two  forward  shelters 
at  the  1120-  and  1370-ft  ranges  had  been  displaced  as  a 
consequence  of  the  blast.  In  the  shelter  at  the  2000-ft 
range,  dummy  displacements  appeared  minimal.  Table  C-1, 
Appendix  C,  summarizes  the  effects  on  dummies  in  the  elec- 
tronic equipment  shelters  and  the  results  of  the  motion- 
picture  film  analysis.  Figures  C-3  through  C-8  give  the  dis- 
placement vs  time  curves  obtained  from  the  filni  analysis 
for  each  dummy . 

Shelter  Rl/ClO 

In  the  retrofit  shelter,  the  dummy  (26)  that 
was  initially  standing  was  lying  flat  on  its  back  on  the 
floor  of  the  shelter  with  its  feet  toward  ground  zero. 

There  was  no  damage  either  to  the  dummy  or  to  its  clothing. 
The  10-g  Impact-O-Graphs®  were  unloaded.  The  film  analysis 
showed  that  this  dummy  moved  forward  and  its  head  impacted 
the  upstream  wall  at  14  ft/sec,  then  it  moved  backward  and 
impacted  the  downstream  wall  at  12  ft/sec. 
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Dummy  No.  27  was  found  seated  in  its  chair 
which  was  leaning  back  against  a shelf  on  the  downstream 
wall.  This  dummy  sustained  a deep  laceration  across  its 
forehead  and  a smaller  laceration  across  the  bridge  of  its 
nose.  The  10-g  Impact -0-Graph®  was  unloaded.  The  film 
record  showed  that  the  dummy's  head  impacted  the  shelf  in 
front  of  him  at  11  ft/sec — which  no  doubt  produced  the  la- 
ceration across  its  forehead.  Then,  the  subject  moved  back 
into  the  chair  and  again  moved  forward  striking  the  shelf 
at  8 ft /sec. 

Shelter  04/C16 

Inside  ths  S280  shelter  at  the  1370-ft  range, 
Dummy  No.  28  initially  standing  left  side  toward  ground  zero 
was  found  sitting  on  the  floor  with  its  head  leaning  against 
a shelf  on  the  downstream  wall,  Figure  C-9,  Appendix  C. 

This  dummy  sustained  several  slight  lacerations  to  the  back 
of  its  head  and  right  shoulder.  Both  10-g  Impact -0-Graphs® 
were  unloaded.  The  motion  pictures  showed  this  subject 
moved  to  its  left  toward  ground  zero  at  10  ft/sec  for  6 in. 
before  dust  obscured  the  camera's  view.  The  dummy  then  must 
have  rotated  90  degrees  to  its  left  and  fallen  backwards 
against  the  downstream  wall.  As  it  slid  down  the  wall,  bits 
of  expanded  plastic  from  the  head  became  embedded  in  some 
wire  connectors.  The  connectors  can  be  seen  in  Figure  C-9, 
Appendix  C,  just  above  the  dummy’s  head. 

Dummy  No.  29,  initially  seated  facing  the 
blast,  was  found  lying  back-down  on  the  floor  in  the  col- 
lapsed chair  with  its  feet  toward  ground  zero.  The  film 
showed  that  the  dummy  was  struck  by  a large  metal  antenna 
traveling  at  38  ft/sec  resulting  in  a V-shaped  laceration 
on  the  left  side  of  its  face.  Figure  C-10,  Appendix  C. 
Postshot  the  antenna  was  found  partially  dislodged  from  its 
mountings  on  the  upstream  wall  of  the  shelter  as  seen  in 
the  upper  left  of  Figure  C-9,  Appendix  C.  The  lO-g  Impact- 
0-Graph®  was  unJoaded.  According  to  the  motion-picture 
the  dummy's  head  moved  forward  at  5 ft/sec  and  moved  2 
inches  before  dust  obscured  the  camera's  view. 

Shelter  07/C26 

Inside  the  S280  shelter  at  the  2000-ft  range 
there  was  no  damage  to  either  of  the  dummies  or  to  their 
clothing  and  no  Impact -0-Graphs®  were  unloaded.  Dummy  No. 

30  remaii’.ed  in  its  seat.  The  legs  of  the  chair  were  within 
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0.75  inch  of  their  original  position.  The  film  record 
showed  that  the  head  of  this  dummy  moved  forward  5 inches 
(toward  ground  zero)  at  4 ft/sec,  then  20  inches  backward 
at  4 ft/sec,  and  then  returned  to  within  0.5  inch  of  its 
original  position.  There  were  no  impacts. 

Dummy  No.  31  was  still  standing  postshot 
and  was  leaning  forward  against  the  instrument  panel.  Its 
feet  were  located  4 inches  from  their  original  position  as 
indicated  by  an  outline  of  its  boots  traced  on  the  floor 
preshot . 


Results  of  the  film  analyses  were  that  its 
head  moved  tc  the  left  (toward  ground  zero)  at  6 ft/sec 
for  9 inches,  then  to  the  right  at  7 ft/sec  for  19  inches, 
and  then  settled  at  10  inches  to  the  right  of  its  original 
position.  There  were  no  impacts. 

Figure  C-11,  Appendix  C,  gives  a postshot 
view  of  Dummy  Nos.  30  and  31.  This  photograph  could  serve 
as  a preshot  view  of  these  dummies  as  well  as  those  in  the 
04/C16  shelter. 


Foreign  Vehicles 

Table  D-1,  Appendix  D,  lists  the  preshot  and  post- 
shot positions  of  the  dummies,  the  condition  of  the  dummies, 
and  the  results  of  the  inpact-O-Graph®  gages.  Included  in 
the  table  arc  the  dummy  motions  taken  from  the  motion-pictures. 
Figures  D-4  and  D-5  give  the  displacement-time  curves  of 
Dummy  Nos.  32  and  33  obtained  from  the  film  analysi.s.  In- 
cluded in  the  figures  were  the  peak  velocities  and  distances 
traveled . 

The  commander  dummy  (43)  was  shifted  2 inches  over 
the  left  edge  In  its  seat  and  the  upper  part  of  its  body 
was  tilted  slightly  toward  ground  zero.  Its  shirt  was  torn 
at  the  right  pocket  and  along  the  front  buttons.  Both  10-g 
Impact-O-Graphs*  were  unloaded.  Remnants  of  some  ejecta 
were  present  on  the  hatch  adjacent  to  the  commander.  The 
ejecta  narrowly  missed  the  comman'^  ■=  head  at  impact. 

The  film  record  taken  by  the  camera  outside  the 
vehicle  revealed  that  the  commander  dummy’s  head  first 
moved  toward  ground  zero  at  13  ft/sec  and  stopped  after 
3 inches  of  travel.  The  movement  stopped  presumably  from 
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some  other  portion  of  the  body  impacting  the  upstream  part 
of  the  vehicle. 

The  dummy  (32)  seated  inside  the  troop  compartment 
was  found  in  its  proshot  position  undamaged.  No  Impact-0- 
Graphs  were  unloaded.  The  film  record  taken  by  the  camera 
ins- de  the  troop  compartment  recorded  the  dummy's  head  moved 
to  the  right  at  5 ft/sec  and  impacted  after  2 inches  of 
travel,  then  the  head  moved  to  the  left  at  3 ft/sec  for  8 
inches  (r.o  impact),  and  then  to  the  right  at  6 ft/sec  with 
impact  2 Inches  to  the  right  of  the  original  position. 

As  seen  in  Table  D-1,  Appendix  D,  the  dummy  (34) 
on  the  driver's  seat  was  not  damaged  and  was  found  in  its 
original  preshot  position.  One  set  of  balls  ir,  the  10-g 
Impact-C-Graph®  was  unloaded.  The  subject  was  not  viewed 
with  a motion-picture  camera. 

Postshot  photographs  were  not  available  to  this 

project . 


Drone  Helicopter 

The  helicopter  remained  flying  during  and  after  the 
blast.  Dummy  No.  39  inside  the  helicopter  remained  seated 
with  the  harness  restraint  system  intact.  As  seen  in  Table 
E-1,  Appendix  E,  the  only  findings  were  five  scratches  on 
the  top  of  its  helmet  that  were  obviously  caused  by  plexi- 
glas  fragments  from  a small  window  that  shattered  in  the 
ceiling  of  the  aircraft.  None  of  the  Impact-O-Graphs®  were 
unloaded. 

The  camera  film  record  showed  little  movement  of 
the  dummy.  Its  head  moved  to  the  left  for  2 inches  at  a 
velocity  of  4 ft/sec  and  returned  to  within  0.5  inch  of 
its  original  position  going  2 ft /sec,  Table  E-1  and  Figure 
E-3,  Appendix  E. 


DISCUSSION 

U.  S.  Army  Weapon  Systems 

Closed  Armored  Vehicles 

Blast  displacements.  Based  on  the  results 
of  this  test,  it  seems  reasonable  to  predict  that  the  crew 
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personnel  Inside  the  five  closed  armored  vehicles  would  not 
have  been  injured  as  a consequence  of  blast  displacements  at 
coi'responding  ranges  from  a 1-KT  nuclear  surface  burst. 

This  applies  to  the  M60  tank,  the  two  Sheridan  tanks,  the 
M109  Self-Propelled  Howitzer,  and  the  M577  Communications 
Van  that  was  at  the  960-ft  range. 

The  results  obtained  from  the  different 
test  methods  were  consistent  with  one  another  in  indicating 
that  only  minor  displacements  were  encountered.  The  dummies 
were  not  damaged,  the  Impact-O-Graphs*  were  not  unloaded, 
and  the  film  records  showed  initial  movements  of  5 ft/sec 
or  less  with  just  a few  inches  of  travel  without  impacts. 

If  the  peak-g  levels  measured  by  the  electronic  accelerometers 
were  true,  no  injuries  should  result  from  accelerations  of 
less  than  20  g because  they  were  of  very  short  duration — less 
than  0.05  sec  (References  3 and  4). 

Only  four  of  the  dummies  inside  the  closed 
armored  vehicles  had  moved  noticeably  from  their  preshot 
positions.  The  dummy  in  the  loader's  seat  in  the  M551  at 
Station  5 and  the  one  in  the  commander's  seat  in  the  M557 
at  Station  6 apparently  just  leaned  over  in  their  seats. 
Likewise,  the  two  standing  dummies  in  the  M109  apparently 
lost  their  footings  after  an  initial  forward  movement  of 
just  3 ft/sec  after  which  they  merely  fell  over  backwards. 

As  already  mentioned,  these  dummies  were  not  restrained  in 
anyway  so  that  the  slightest  motion  of  the  vehicle  would 
be  all  that  was  necessary  to  topple  them  over.  Personnel 
under  similar  circumstances  probably  would  not  fall  over. 

Direct  blast.  The  direct-overpressure 
effect  mechanism  would  not  be  expected  to  injure  personnel 
inside  these  vehicles.  Peak  pressures  on  the  order  of 
2.5  psi  that  were  recorded  inside  the  M109  and  inside  the 
M577  were  well  below  those  required  for  a 1-percent  proba- 
bility of  eardrum  rupture  (3.4  psi).  Even  the  19  psi  re- 
corded inside  the  M60  tank,  if  true,  would  not  be  expected 
to  injure  personnel  because  of  the  shape  of  the  pressure- 
time curve.  It  has  been  demonstrated  in  animal  experiments. 
Reference  5,  that  wave  shapes  of  that  character,  having  rise 
times  of  15  msec  without  strong  shocks  at  the  leading  edge, 
were  far  less  damaging  than  those  recorded  in  the  open 
wherein  the  peak  pi  essures  were  at  the  leading  edge  of  the 
waves,  i.e.,  in  the  incident  shocks.  For  slow-rising  blast 
waves,  peak  pressures  have  to  be  well  over  50  psi  to  cause 
lung  hemorrhages  in  dogs  and  monkeys.  The  one  exception 
is  eardrum  rupture  which  is  apparently  a function  of  the 
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peak  pressure.  However,  since  the  crew  members  in  the  M60 
would  be  wearing  head  sets  this  should  provide  protection 
against  eardrum  rupture. 

Open  Armored  Vehicles 

In  regard  to  the  results  obtained  with  dum- 
mies on  the  MllO,  it  could  be  expected  that  personnel  stand- 
ing on  the  vehicle  would  be  swept  from  the  vehicle  by  blast 
waves  on  the  order  of  10  psi.  That  the  dummies  seated  in 
the  gunner's  and  assistant  gunner's  positions  remained  in 
place  during  the  blast  suggests  that  the  vehicle  itself  alters 
the  form  of  the  shockwave  and  flow  at  those  positions  thereby 
reducing  the  likelihood  of  personnel  being  displaced.  Crew 
members  thrown  from  the  MllO  vehicle  by  the  blast  at  a veloc- 
ity of  15  ft /sec  would  also  develop  a downward  velocity  of 
approximately  22  ft /sec  merely  from  the  f reef all  of  about  7 
ft  (height  of  vehicle  about  4 ft).  The  probability  of  injury 
would  be  influenced  by  the  nature  of  the  terrain.  As  seen 
in  Figure  A-2,  Appendix  A,  there  would  be  greater  than  a 
50-percent  probability  of  injury  if  the  impact  surface  was 
nonyielding. 


The  dummies  that  were  standing  and  sitting 
beneath  the  deployed  canopy  of  the  M577  at  approximately  5 
psi  were  displaced  4 and  6 ft  by  the  blast . The  calculated 
peak  velocities  were  6 ft/sec  and  12  ft/sec  which  could  not 
be  expected  to  produce  injury  to  personnel  unless  they  col- 
lide with  rigid  objects. 

Personnel  in  the  Open 

Blast  displacement.  The  peak  velocities  and 
total  distance  of  travel  measured  for  the  dummies  that  were 
standing  face-on  in  the  open  were  in  close  agreement  with 
those  predicted  from  the  model  reported  in  Reference  1.  The 
model  was  used  to  calculate  the  curves  in  Figure  A-3,  Appen- 
dix A,  relating  displacement  velocity  for  personnel  in  the 
open  at  different  orientations  to  ground  range  for  a 1-KT 
nuclear  surface  burst . The  peak  overpressures  in  the  ranges 
between  820  and  1370  ft  for  the  1-KT  nuclear  surface  burst 
and  the  600-ton  charge  measured  along  Line  3 were  within  1 
psi  of  each  other.  Dummy  No.  36,  subjected  to  12.7  psi, 
attained  a peak  velocity  of  34  ft/sec  as  measured  by  the 
camera  compared  to  35  ft/sec  calculated  using  the  model. 
According  to  Figure  A-2,  Appendix  A,  there  would  be  a 3- 
percent  probability  of  significant  injuries  for  tumbling 
displacements  in  the  open  terrain  at  that  velocity. 
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Dummy  No.  15,  standing  adjacent  to  the 
Laser-Guided  Projectile  subjected  to  8.1  psi  at  the  1050- 
ft  range,  had  a measured  velocity  of  17  ft /sec  compared 
to  20  ft /sec  based  on  the  model.  For  tumbling  displace- 
ments in  the  open,  there  would  be  less  than  a 1-percent 
probability  of  injury.  Dummy  No.  16  that  was  at  the  1112- 
ft  range  next  to  the  XM204  subjected  to  6.7  psi  was  dis- 
placed about  10  ft  and  its  measured  peak  velocity  was  14 
ft/ sec  compared  to  16  ft /sec  calculated  from  the  model. 
There  would  be  less  than  a l-percent  probability  of  injury 
at  this  velocity. 

Although  there  would  be  very  little  prob- 
ability of  injuries  resulting  from  tumbling  across  level 
terrain  at  velocities  of  16-20  ft/sec,  if  impact  against 
rigid  objects  were  to  occur,  there  would  be  a high  prob- 
ability of  significant  injuries,  Figure  A-2,  Appendix  A. 

Dummy  No.  41  that  was  at  the  2400-ft  range, 
subjected  to  about  2.4  psi  (predicted),  attained  a velocity 
of  just  1-2  ft/sec  and  merely  fell  backwards.  Personnel  at 
that  range  probably  would  not  have  been  knocked  down  by  the 
blast . 


Direct  blast.  As  far  as  direct-blast  ef- 
fects were  concerned,  Figure  A-4,  Appendix  A,  shows  the 
probability  of  the  different  direct-blast  injuries  in  rela- 
tion to  overpressure  and  range  for  a 1-KT  nuclear  surface 
burst.  For  standing  or  prone  broadside-oriented  personnel 
inside  the  1000-ft  rnage,  10-psi  level  and  above,  lung  dam- 
age can  be  expected.  The  severity  would  range  from  pinhead 
size  petechial  hemorrhages  at  10  psi  to  over  a 50-percent 
incidence  of  serious  lung  hemorrhage  at  27  psi  (600-ft  range). 
Eardrum  rupture  would  vary  from  a 50-percent  incidence  at 
: 3 psi  (800 -ft  range)  down  to  a 1-percent  probability  at  3.4 
psi  (2100-ft  range).  Corresponding  overpressure  levels  and 
anges  for  personnel  prone,  head-on  to  the  blast,  and  against 
«.  reflecting  surface  were  included  in  Figure  A-4,  Appendix  A. 
The  overpressures  were  calculated  using  equations  in  Reference 
6 and  the  biological  criteria  were  taken  from  Reference  7. 

Personnel  Behind  Vehicles 

The  results  obtained  with  dummies  located 
in  the  open  behind  the  M109  at  21  psi  and  the  M551  at  12.7 
psi  suggest  that  personnel  would  probably  be  afforded  con- 
siderable protection  against  blast  displacements  when 
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located  on  the  lee  side  of  the  vehicles.  This  location  could 
also  be  expected  to  afford  considerable  protection  against 
other  nuclear  weapon  effects,  including  the  direct  .-overpres- 
sure effects.  Because  the  ideal  shockwave  becomes  altered  in 
detracting  around  the  vehicle,  the  overpressure  probably  rose 
in  several  steps  to  peak.  Blast  wave  forms  of  this  nature 
have  been  shown  to  be  less  damaging  to  biological  systems 
than  ones  having  an  ideal  wave  form,  Reference  8. 

Underground  Command  Post 

The  results  obtained  with  dummies  inside  the 
Underground  Command  Post  were  used  as  input  to  a model  de- 
signed to  calculate  blast  displacement  velocities  of  person- 
nel inside  open  field  fortifications.  The  model  was  based  on 
laboratory  shock  tube  studies  dealing  with  scaled  models  of 
structures,  including  the  Underground  Command  Post,  contain- 
ing 1/8-scale  dummy  men.  Predictions  based  on  the  model  and 
the  results  of  the  field  test  agreed  in  that  blast  displace- 
ment occurred  only  in  the  area  of  the  personnel  chamber  that 
was  in  line  with  the  entryway.  There  was  little,  if  any, 
displacement  in  other  areas  of  the  shelter.  Dummy  No.  14, 
standing  5 ft  inside  the  entryway,  attained  a velocity  of 
18  ft/sec  on  the  present  test  and  sustained  some  damage. 
Corresponding  velocities  calculated  from  the  displacement 
prediction  model  for  personnel  5 ft  inside  the  entryway  for 
other  surface  incident  shock  levels  of  equivalent  yield  were 
as  follows:  13  ft/sec  at  15  psi,  9 ft /sec  at  10  psi,  and  5 
ft /sec  at  5 psi.  According  to  the  model  study  and  the  re- 
sults of  a previous  field  test  (Reference  9),  personnel 
prone,  head-on  and  in  line  with  the  entryway  would  not  be 
displaced  by  blast  levels  of  these  magnitudes. 

Additional  information  on  blast  displacement 
inside  the  Underground  Command  Post  may  be  found  in  a report 
presented  at  this  symposium  by  R.  O.  Clark  et  entitled 
"Blast  Displacement  Effects  in  Field  Fortifications  on  Dice 
Throw  Event,"  Reference  10. 


Electronic  Equipment  Shelters 
Shelter  Rl/ClO 

Significant  displacement  of  the  two  dummies 
occurred  inside  the  retrofit  shelter  at  the  1120-ft  range 
where  the  measured  overpressure  was  6.6  psi.  The  seated 
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dummy  moved  toward  and  struck  the  upstream  wall  at  11  ft/sec 
and  the  standing  dummy  Impacted  the  wall  at  14  ft/sec.  Ac- 
cording to  Figure  A-2,  Appendix  A,  there  would  be  a 20-  and 
40-percent  probability  of  injury  from  whole-body  impact  at 
these  impact  velocities.  The  curves  in  Figure  A-2,  Appendix 
A,  strictly  apply  to  a flat,  hard  surface.  The  probability 
of  injury  would  be  influenced  by  the  nature  of  the  surface 
or  object  struck. 

The  10-g  Impact-O-Graphs®  were  unloaded  in- 
dicating an  impact  velocity  greatei-  than  5 ft/sec  and  less 
than  8 ft/sec.  Specifically,  those  calibrations  apply  to 
dummies  impacting  flat  against  a smooth,  rigid  surface.  In- 
side the  electronic  equipment  shelters  this  probably  did  not 
occur.  If  just  the  head  strikes  the  wall,  velocities  higher 
than  5 to  8 ft/ sec  would  be  required  to  unload  the  10-g  rated 
Impact-O-Graphs*  mounted  inside  the  chest  cavities. 

Shelter  04/C16 

The  dummies  were  displaced  inside  the  S280 
shelter  at  the  1370-ft  range,  where  the  measured  peak  over- 
pressure was  4.7  psi.  The  standing  dummy's  initial  velocity 
was  10  ft/sec  and  the  seated  dummy's  was  5 ft/sec.  The  prob- 
ability of  injury  at  these  velocities  would  be  13  and  0.2 
percent.  The  severe  laceration  on  the  face  of  Dummy  No.  29 
demonstrated  that  objects  inside  the  shelter  dislodged  by 
the  blast  can  become  dangerous  missiles. 

Shelter  07/026 

Only  minor  displacement  effects  were  noted 
inside  the  shelter  at  the  2000-ft  range  where  the  overpres- 
sure was  measured  at  2.8  psi.  The  dummy  velocities  were  4 
and  6 ft/sec  with  only  5-  and  9-inch  distances  of  travel, 
respectively.  There  were  no  impacts.  There  would  be  a very 
low  probability  of  injury — 0.02  and  0.6  percent — even  if  im- 
pact occurred  at  these  velocities. 

Foreign  Vehicle 

Inside  the  armored  infantry  fighting  vehicle  at 
the  820-ft  range  with  measured  overpressures  of  12.7  psi 
there  was  no  damge  to  the  dummies.  The  initial  velocities 
toward  ground  zero  of  the  commander  and  passenger  were  13 
and  5 ft/sec,  respectively.  As  seen  in  Figure  A-2,  Appendix 
A,  there  would  be  an  associated  probability  of  injury  of  33 
and  0.15  percent.  As  already  mentioned,  the  curve  in  Figure 
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A-2,  Appendix  A,  applies  to  whole-body  impact  parallel  with 
a flat  surface;  this  curve  would  not  apply  to  head  impacts 
when  helmets  were  worn. 


Drone  Helicopter 

There  would  be  little  or  no  probability  of  injuries 
to  the  pilot  from  blast-induced  motions  of  the  drone  heli- 
copter at  the  2750-ft  range  with  measured  pressures  of  2.5 
psi. 


The  only  effect  on  the  dummy  was  a few  scratches  on 
its  helmet  from  the  small  plexiglas  window  in  the  roof  of 
the  aircraft  that  was  shattered  by  the  blast.  The  fragments 
from  the  windows  present  a separate  problem  and  depend  on  the 
type  of  plexiglas,  its  thickness,  etc. 


CONCLUSIONS 

The  following  conclusions  apply  to  blast  waves  from 
explosive  yields  equal  to  or  on  the  order  of  1-KT  nuclear. 
Admittedly,  the  conclusions  arc  based  on  a very  limited 
amount  of  data. 

1.  Crew  members  of  an  M60  Main  Battle  Tank  should 
not  be  injured  by  blast  waves  of  40  psi  when 
the  tank  is  closed  and  oriented  head-on  to  the 
blast . 

2.  The  crew  inside  a closed  M109  Howitzer,  oriented 
head-or  to  the  blast,  should  not  be  Injured  from 
dispalcement  at  Incident  overpressure  levels  of 
21  psi. 

3.  Crew  personnel  would  be  unharmed  from  the  blast 
displacement  within  closed  M551  Sheridan  Tanks 
oriented  head-on  or  side-on  to  incident  overpres- 
sures of  13  psi. 

4.  Personnel  Inside  an  M577  Conmunicatlons  Van  that 
is  closed  should  not  be  injured  at  incident  over- 
pressures as  high  as  9 psi. 

5.  At  a 9-psi  overpressure  level,  personnel  standing 
on  an  MllO  Howitzer  would  be  blown  from  the 
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vehicle  at  velocities  of  15  ft/sec  or  more. 

The  probability  of  injury  would  be  near  50 
percent  if  the  terrain  is  hard.  Crew  members 
who  are  standing  on  the  ground  near  the  weapon 
would  be  displaced  at  peak  velocities  of  25 
ft/sec.  The  probability  of  injury  would  range 
from  less  than  1 percent,  if  tumbling  decelera- 
tions occur  over  flat  terrain,  to  90  percent  if 
whole-body  impact  occurs  against  nonyielding 
surfaces . 

6.  The  crew  of  the  XM204  Howitzer  subjected  to  6.7 
psi  would  be  thrown  about  10  ft  by  the  blast  and 
would  attain  a velocity  of  14  ft /sec.  For  tumb- 
ling in  the  open  on  a smooth  surface,  there  would 
be  an  associated  0.01-percent  probability  of 
Injury.  If  j^npact  occurs  at  peak  velocity  with 
rigid  obstacles,  the  probability  of  injury  would 
be  near  40  percent. 

7.  Forward  observers,  if  prone  anJ  oriented  head-on 
to  the  detonation,  would  not  be  translated  by 
overpressures  of  5 psi. 

8.  Personnel  seated  or  standing  beneath  the  deployed 
portion  of  the  M577  Communications  Van  side-on  to 
a blast  of  5 psi  would  be  displaced  4 '•.o  6 ft  and 
would  attain  velocities  of  6 to  12  ft/sec.  There 
would  be  less  than  a 1-percent  probability  of  in- 
jury unless  impact  occurs  against  rigid  objects. 
Movement  of  the  canopy's  frame  could  present  a 
hazard  to  personnel . 

9.  Crew  members  of  the  XM198  Howitzer  should  not  be 
injured  by  blast  overpressures  of  2.4  psi. 

10.  There  would  be  a 20-  to  40-percent  probability 

of  blast  displacement  injuries  among  crew  members 
inside  closed  retrofit  electronic  equipment  shel- 
ters side-on  to  blast  overpressures  of  6.6  psi. 

11.  There  would  be  a low  probability  of  injury  (<0-13 
percent)  to  the  crew  members  within  electronic 
equipment  shelters  of  the  S280  type  subjected  to 
5-psi  overpre'5.‘'.ure. 
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12.  There  would  be  less  than  a l-percent  prjbabllity 
of  any  significant  injuries  to  the  occupants  of 
the  S280  equipment  shelters  subjected  to  S-psi 
overpressure. 

13.  Inside  an  Armored  Infantry  Fighting  Vehicle, 
oriented  315  degrees  to  a blast  wave  of  13  psi, 
the  ootnmandei  and  crew  members  seated  on  the 
upstream  side  would  be  subjected  to  i;apacts 
with  the  wall  at  velocities  of  6-13  ft/sec. 

For  nonhead  Impacts,  there  would  be  a 1-30 
percent  probability  of  injury. 

14.  The  pilot  would  not  be  injured  as  a consequence 
of  blast  displacements  in  a UH-1  Helicopter 
subjected  to  2.5  psi  while  in  flight. 


RECOMUENDATIONS 

1.  In  general,  the  cooperation  and  coordination 
among  groups  participating  on  the  projects  was 
very  good.  It  is  reconmended  that  the  coordi- 
nation among  groups  Involved  in  the  Immediate 
postshot  evaluation  of  the  different  facets  of 
the  equipment  be  improved.  This  includes  post- 
shot still  photography,  assessment  of  vehicle 
damage,  operation  of  the  vehicle  itself,  as-: 
sessment  of  the  exact  postshot  position  of  the 
dummies,  and,  especially,  the  control  of  visi- 
tors, 

2.  It  is  recommended  that  the  vehicles  be  left  on 
the  test  bed  for  a longer  length  of  time,  at 
least  through  D+1. 

3.  More  attention  should  be  given  to  the  placement 
of  the  Golden  Bear  dust-retardant  on  the  layout 
before  the  shot.  In  addition  to  covering  the 
surface  in  the  upstream  direction  from  the  tar- 
get, it  should  be  applied  on  the  downstream 
side  as  well  to  eliminate  dust  entering  the 
cameras  field  of  view  on  the  negative  phase. 

The  film  records  would  be  greatly  improved  if 
the  dust-retardant  was  placed  on  the  ground 
underneath  the  vehicles  themselves.  In  addi- 
tion, the  vehicles  should  be  wet  down  with  water 
inside  and  outside  late  on  D-1. 


4.  The  niethods  used  in  measuring  accelerations 
inside  the  dummies  with  electronic  accelerom- 
eters should  be  improved.  Laboratory  calibra- 
tion of  the  gages  while  inside  dummies  under- 
going impacts  would  be  most  desirable. 
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BLAST  CRITERIA 
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IMPACT  VELOaTY  FOR  UNLOADING.  V.ff/sec 


REGRESSION  LINES: 

Lovetoce  Dummies;  In  V*0.8I374  +0.37748  In  6 ±0.11455 
Alderson  Dummies:  In  V*0.38376  + 0. 37748  In  G ± 0.11455 


Lovelocc 


-Alderson 


IMPACT-0-6RAPH  RATING.  G units 


Figure  A-1. 


Impact  Velocities  Required  to  Unload  Impact-0 
Graphs®  in  Dummies  Dropped  O Back-On,  □ Front 
On,  and  ^ Side-On  Onto  a Concrete  Slab. 


PROBABILITY  OF  SERIOUS  INJURY.  PERCENT 


IMPACT  VELOCITY,  F/sec 
I 2 4 S w 10  ;♦.)  40  60 


MAXIMUM  VELOCITY,  ff/sec 

Figure  A-2.  Probability  of  Injury  as  a Function  of  Blast 
Displacement . 


MAXIMUM  VELOCITY.  fl/j« 


Figure  A-3.  Blast  Displacement  Velocity  of  Personnel 
in  Relation  to  Ground  Range  from  a 1-KT 
Nuclear  Surface  Burst  at  Sea  Level, 
a.  Prone,  end-on;  b.  prone,  random; 
c.  prone,  side-on;  and  d,  standing, 
front-  or  back-on  to  the  blast. 


OVERWESSWE.  p»i 


TABLE  A-1 


;u«r«uw.''  i-s  r: 


i 


i 

i 

\ 


UNLOADING  IMPACT  VELOCITY  FOR  VARIOUS 
G-RATED  IMPACT-O-GRAPHS* 

IN  RELATION  TO  INCIDENCE  OF  INJURIES 


Impact -0-Graph* 
g 

Impact  Velocity, 
ft/sec^ 

Incidence  of 
Injuries,  %t) 

Lovelace  Dummies ; 

800 

28 

95 

(2.5% 

mortality) 

200 

17 

50 

40 

8 

5 

10 

5 

0 

Alderson  Dummies: 

800 

18 

70 

400 

14 

40 

140 

10 

11 

40 

6 

<1 

* Based  on  the  results  of  dropping  dunvnies  onto  a concrete 
slab  with  Impact-O-Graphs*  In  the  thorax. 

Injury  based  on  sheep  Impact  study. 
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TABLE  A-2 


BLAST  DISPLACEMENT  CRITERIA 


Probability  of 
Serious  Injury, 
Percent 

Impact  Velocity,  ft/sec, 
for  Normal  Incidence 
Against  a Nonyielding, 

Flat  Surface 

Maximum  Velocity,  ft/sec, 
for  Decelerative 
Tumbling  Over 

Open  Terrain 

1 

6.5  (4. 5-8. 2) 

28.8  (12.7-37.8) 

2.5 

7.5  (5.4-9. 2) 

32.9  (16.7-41.4) 

5 

8.4  (6.3-10.1) 

36.8  (21.1-44.8) 

SO 

15.4  (13.5-J7.3) 

66.4  (58.2-82.9) 

95 

28.4  (24.8-34.7) 

120  (91.8-268) 

y - -2.384+6.211  log  x 

y >•  -6.705+6.423  log  x 

y is  the  probability  of  injury  in  probit  units. 

X is  ^he  velocity. 

95%  confidence  limits  for  the  velocities  are  given 
' jarent**'  os. 
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APPENDIX  B 


U.  S.  ARMY  WEAPON  SYSTEMS 


-i'f- 


RANGE,  ft  GZ  OVERPRESSURE,  psi 


STA-8 

CL5P 


STA-14 

XM-198 


Standing  ^ Prone 
Q Seated  [)  Camera 


PiKure  B-1,  Layout  of  U.  S.  Army  Weapon  Systems. 
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Figure  B-4 . Dummy  No.  11  in  Commander's  Position,  M60  Tank. 


I- 


43 


Figure  B-5.  Station  2 - M551  Sheridan  Tank. 


Fipure  B-6 . Dummy  Nos.  7 and  8 Inside  the  M109  Self- 

Propelled  Howitzer  Viev/ed  from  the  Rear  Door. 


V 

I 

I 


Figure  B-7.  Station  3 - M109  With  Dumniy  No.  ^0. 


Figure  B-10.  Station  7 - MHO  Self-Propelled  Howitzer. 


Flgfure  B-12.  Station  9 - Dummy  No.  16  Adjacent  to  the  XM204. 


Figure  B-14.  Station 


Figure  B-15.  Displacement  vs  Time,  Dummy  No.  3 in  Gunner's 
Seat,  M551  Sheridan,  Station  2,  820  ft. 
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DISPLACEMENT,  H 


Figure  B-16.  vs  Time,  Dummy  No.  4 in  Commander 

^eat,  M551  Sheridan,  Station  2,  820  ft. 
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FRAME  NUMBER,  f 


Figure  B-17.  Displacement  vs  Time,  Dummy  No.  36  Standing 
in  Open  7.5  ft  to  the  Left  of  M551  Sheridan, 
Station  2,  820  ft. 
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FRAME  NUMBER,  f 


Figure  B-18.  Displacement  vs  Time,  Dummy  No.  7 Standing 
in  Gunner's  Position,  M109  Self-Propelled 
Howitzer,  Station  3,  740  ft. 


Figure  B-19.  Displacement  vs  Time,  Dummy  No.  8,  Chiei 
of  Section,  Standing  in  Back  of  Gunner 
Duiwny,  M109  Self-Propelled  Howitzer, 
Station  3,  740  Ft. 
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DISPLACEMENT,  H 


FRAME  NUMBER,  f 


Figure  B-20,  Displacement  vs  Time,  Dummy  No.  14  Standing 
5 ft  Inside  Entryway  of  Underground  Command 
Post,  Station  4,  740  ft. 


I 
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displacement,  h 


Figure  B-21. 


Displacement  vs  Time,  Dummy  No, 
Seat,  M551  Sheridan,  Station  5, 


5 in  Gunner ' s 
820  ft. 
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FRAME  NUMBER,  f 


Figure  B-22.  Displacement  vs  Time,  Dummy  No.  10  in 
Commander’s  Seat,  M577  Communications 
Van,  Station  6,  965  ft. 
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Figure  B-23. 


Displacement  vs  Time,  Dummy  No.  44 
Seat,  MHO  Self-Propelled  Howitzer 
905  ft. 


I 

i 


'i 

i 

\ 


in  Gunner's 
Station  7, 


>’  I 


O 50  100 


FRAME  NUMBER,  f 


Figure  B-24.  Displacetnent  vs  Time,  Dummy  No.  38  Standing 
on  MllO  Self-Propelled  Howitzer,  Station  7, 
965  ft. 


FRAME  NUMBER,  f 


Figure  B-25.  Displacement  vs  Time,  Dummy  No.  15  Standing 
in  the  Open  Adjacent  to  the  Laser-Guided 
Projectile,  Station  8,  1050  ft. 


DISPLACEMENT,  H 


Figure 


}-26. 


Displacement  vs  Time,  Dummy  ^o.  16  Standing 
in  the  Open  Adjacent  to  the  XM204  Towed 
Howitzer,  Station  9,  1112  ft. 


Figure  B-29. 


Postshot  View,  Station 
Howitzer,  Dum'.ny  Nos,  7 
Roar  of  the  Vehicle. 


3,  1, 13.09  Self-Propelled 
and  8 View  Toward  the 
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Figure  B-31.  Postshot  View,  Station  4,  Dummy  No.  13,  Personnel  Chamber 
Underground  Command  Post . 


'i'f 


Figure  B-32.  Postshot  View,  Station  5,  Dummy  No.  6,  Loader 
Position,  MSSl  Sheridan  Tank. 


' Jf  “ 


w 


Figure  B-35.  Post shot  View,  Station  10,  Forward  Observer  Dummy  No.  17 
and  Station  12,  Dummy  Nos.  13  and  19,  M577  Deployed. 


lUUI 


Figure  B-36. 


Station  1,  M60  Main  Battle  Tank.  Acceleration  record  for 
Dunmy  No.  2 in  gunner's  seat. 


Figure  B-37,  Station  1,  M60  Main  Battle  Tank.  Filtered  acceleration 
record  for  Dunmy  No.  2 in  gunner's  seat. 


[ Figure  B-39.  Station  2,  M551  Sheridan.  Filtered  acceioration  record 

I for  Duffluiy  No.  4 in  ccmmander's  seat. 
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Figure  B-43.  Station  3,  M109  Self-Prcpelled  Bovltaer.  Filtered  acceleration 
record  for  Ouany  No.  8 etacding,  chief  of  section  In  back  of 
gunner. 


I 


Figure  B-45.  Station  5,  11551  Sheridan  90*.  Filtered  acceleration  record 
for  Dumy  No.  5 in  gunner’s  seat. 


Figure  B-49.  Station  6,  11577  Conniunications  Van.  Filtered  acceleration 
record  for  Dusny  No.  30  in  coanander's  seat  facing  rear  of 
vehicle. 


Figure  B-53.  Station  7,  MllO  Self-Propelled  Howitzer.  Filtered  acceleration 
record  for  Diuswijr  No.  45  in  assistant  gunner's  seat,  right  side. 


Figure  B-54.  Pressure-Tliae  Recordings 
(Sheet  2 of  4) 


Figure  B-54.  Pressure-Time  .Tecordings,  li.  S.  Army  Weapon  Systevas. 
(Sheet  3 of  4) 


TABLE  B-1 

REFERENCE  POINT  LOCATIONS— U.  S.  ARMY  WEAPON  SYSTEMS 


Stat ion 
No. 


Item 

Azimuth 

Ground  Range, 
ft 

M60 

Main  Battle  Tank 

66*31 • 00" 

580 . 00 

Camera  1 

50* 31 '38" 

740.00 

M5S1  Sheridan 

55*06' 11" 

820.00 

Camera  3 

58"16’45' 

820.00 

U109  Self- 
Propel led 

Howitzer 

69*52' 18" 

740.00 

Camera  5 

66*C7'04" 

740.00 

Underground 
ComMod  Post 

64* 19' 54" 

740.00 

M551  Sheridan  90 

63*32 '04" 
61*09'41" 

820.00 

820.00 

Camera  8 

65*55' 17" 

820 . 00 

U577  Conmunica- 

72*18'59" 

965 . 00 

t ions  Van 

71 *07 '32" 

965.00 

Camera  10 

68*44 '13" 

965 . 00 

UllO  Self- 

67*21'29" 

965.00 

Propelled 

Howitzer 

65*40'21" 

965.00 

Camera  12 

63*25'51" 

— 

965 . 00 

CLGP 

Laser-Guided 

Projectile 


64  *07 '43' 


1050.00 


Camera  13 


65*50  07" 


1059.63 


REFERENCE  POINT  LOCATIONS— U.  S.  ARMY  WEAPON  SYSTEMS 


Stat ion 
No. 

I tent 

Azimuth 

Ground  Range, 
ft 

9 

XM204 

Towed  Howitzer 

62* 19’ 09" 

1112.00 

Camera  14 

64* 55’ 50" 

1112.00 

10 

Forward 

Observer 

07* 56 ’36" 

1370.00 

12 

M577 

Communicat ions 

Van  Deployed 

67*23’ 39" 

1370.00 

Camera  15 

68*48’08" 

1443.34 

Camera  16 

68»04’30" 

1333.64 

14  XM198  73“2349"  2400.00 

Towed  Howitzer 


Camera  18 


71*50’ 33” 


2400.00 
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TABLS  B>2 

BLAST  EFRCTS  OH  DUMinS  - U.  S.  ARJIT  lEAPOH  STSTEHS 


StatX 

UuMT 

<«o. 

CuaaiT  Preabot  Location 

Dunay  Postshot  Location 

Condition  of  nuaa; 

Film  Analyala 

1 IK^  Halil  Battle  Tank 

580- ft  raage 

43.4  pal  overpreaaura 

1* 

In  driver 'a  aect. 

Hoved  3 In.  to  left  In 

aeat. 

Ho  damage  to  dummy. 
Helmet  atrap  looae. 
Clothing  torn  at 
right  knee  and 
thigh. 

Ho  film  record. 

2» 

In  gunner's  ssnt. 

Same  as  g.resho^  Hand 

still  on  control. 

Ho  damage  to  duaay 

or  clothing. 

-Ditto- 

11» 

In  coansnder'8 
sent . 

Same  as  prsshot.  Hand 
still  on  control. 

No  damage  to  dumsor 
or  clothing. 

-Ditto- 

35*> 

Prons  on  ground , 
hsnd-on  adjncsnt 
to  U60,  12*. 

Dlaplaced  87  ft  doen- 
atraaa  and  8 ft  6 In. 
to  the  right. 

Soft  port Iona  torn 
off  elboe  and  trunk 
right  Bide.  Right 
knee  Joint  and  left 
ankle  bent  In  ab- 
normal direction. 
Right  hand  bent. 
Coveralla  olown  off. 

-Ditto- 

2 HSSl  Sheridan 

820-ft  raacs 

12.7  pal  ovarprassure 

3» 

In  gunner 'a  aeat. 

Hoved  back  and  right 

In  aaat.  leaning  over, 
bead  agalnat  azimuth 
Indicator.  Left  band 
atlll  nn  control, 
right  arm  down  to 
aide. 

No  damage  to  dummy 
or  clothing. 

Head  movea  forward 
(toward  GZ)  • 5 ft/aec, 
obacured  by  duat  aftar 
moving  1 In. 

4* 

Id  connsnder's 
sent . 1 

Same  as  prsshot.  Band 
still  on  control. 

No  damage,  to  dummy 
or  cloth'.jg. 

Head  movej  forward 
(toward  GZ)  • 2 ft/aac, 
obacured  by  duat  after 
moving  1 In. 

30' 

standing  In  open 

7.5  f.  from  left 
aide  of  H551 

Dlaplacad  37  ft  9 In. 
downatraam. 

No  damage  to  duamy, 

1 In . tear  at  col ■ 
lar. 

Dummy  movea  backward 
(away  from  GZ),  rotatea 
bead-flrat,  COH  • 34  ft/ 
aec,  head  • 37  ft/aac, 
after  9 ft  of  travel  COH 
approximately  Initial 
balgbt  above  ground. 

37' 

Standing  In  open 

4 ft  to  rear  of  HSSl. 

Dlaplac./i>  6 ft 

No  damage  to  dummy 
or  clothing. 

Obscured  hy  dust. 

TASLB  B-2  - COWrimiED 


BUST  EmCTS  OH  DUIUIXS  - U.  S.  ARMY  lEAPOM  STSTBMS 


9tat ion 

Duhbj 

Ho. 

Duaajr  Presbot  Ucatlon 

Duaay  Post shot  Location 

— 

Condition  of  C-iuay 

PllR  Analysis 

3 mOB  Self-Propelled 
Howitzer 

740- ft  range 

31.3-pal  overpreaaure 

7» 

Standing, gunner's  po- 
sition looking  Into 
sight . 

Leaning  backwards  at 

30  degree  angle  against 
loading  ran  and  chief 
of  section.  Peet  In 
original  location. 

No  daaage  to  duaqr 
or  clothing. 

Head  Boves  forward 
(toward  GZ)  • 3 ft /sec 
for  3 In.  then  head 
■oves  backward  • IL 
ft /sec  with  an  lapact 
■ 43  in. , hand  coaes 
to  rest  after  Bovlng 

58  In. 

8* 

Standing,  chief  of 
section  In  hack  of 
gunner. 

Leaning  hack  against 
rear  wall.  Peet  In 
original  location. 

No  dsBage  to  duvaiy 
or  elothlng. 

Head  Bovea  forward 
(toward  GZ)  • 3 ft/sec 
for  3 IL.,  then  bead 
Bovea  backward  • 4 
ft /sec  with  an  lapact 
• 19  1.1.  , bead  leaves 
fleld-of-vlew  ifter 
moving  33  In. 

Standing  In  open  7.S 
to  rear  of  Ml 00. 

Displaced  5 ft  2 lo. 
dovDstrsuB. 

No  Oaoags  to  dumy 
or  clothing. 

Obscured  by  dust . 

4 Onderground  Coawand  Post 
740- ft  range 

31.3-psl  overpressure 

14» 

Standing  5 ft  Inside 
and  In  line  with 
entryway  of  person- 
nel chafer. 

Acslnst  rear  vail  on 
floor. 

Two-ln.-long  la- 
ceration under 
chin,  1 lo.  deep. 

DuBBy  BOves  backward, 
rotates  feet  first  ■ 

0.8  rev/sec,  CCM  at  18 
ft/sec,  fact  lapact  on 
rear  wall  after  COM  has 
moved  about  8 ft . 

13» 

Standing  5 ft  Inside 
and  to  the  left  of 
entryway. 

Fell  forward,  face- 
down. 

No  damage  to  dummy 
or  clothing. 

Obscured  by  dust . 

13* 



Standing  10  ft  Inside 
and  to  the  left  of 
entryway. 

Saoe  as  preshot . No 
■ovewent . 

No  damage  to  dummy 
or  clothing. 

Obscured  by  dust . 

TABLE  B-2  - CONTINUED 


BLAST  EFFECTS  ON  DUIIMIBS  • U.  S.  ARUT  WEAPON  SYSTEMS 


Stat ion 

DuaB> 

Ho. 

Dunny  Preshot  Location 

Duony  Postshot  Location 

Condition  of  Duvy 

Fila  Analysis 

5 H551  Sheridan  00* 

S20-ft  range 

12.7-pfii  overpressure 

1 

In  gunner's  seat. 

Moved  in  seat  6 ir.  to 
the  right  and  3 in. 
forward.  Left  hand 
still  on  transverse 
control . 

No  daaage  to  dusny 
or  clothing. 

Head  moves  to  left 
(toward  GZ)  ■ 2 ft /sec 
for  3 iu.,  then  head 
moves  to  right  • 3 
ft/sac  for  3 in. , then 
head  moves  to  left  at 

1 ft/sec  before  being 
obscured  by  dust . 

6» 

Leader. 

Leaning  over  in  seat 
against  coanander's 
step. 

No  damage  to  dummy 
or  clothing. 

Movement  obser/ed  but 
no  good  reference  for 
the  motion.  Ho  impact. 

6 IIS77  Coaaninications  Van 
96S-ft  range 

9.2-psl  overpressure 

9» 

In  driver's  seat. 

Same  as  preshot . 

No  damage  to  dummy 
or  clcthlng. 

Head  did  not  move  for 

25  msec,  then  obscured 
by  dust . 

10» 

In  coaauuider's  seat 
facing  rear  of 
vehicle. 

Leaning  over  In  seat. 

No  dijaage  to  dumsv 
or  clothing. 

Head  moves  to  left 
(toward  GZ)  • 3 ft/sec 
for  5 In.,  then  bead 
moves  to  right  at  5 
ft/sec  for  20  lu.  and 
cornea  to  rest . 

7 MHO  Self-Propelled 
Hoeltzer 

965- ft  range 

9.3-psi  overpressure 

44» 

In  gunner's  seat, 
left  side. 

Same  aa  preshot . 

No  daaage  to  dumy 
or  clothing. 

Head  moves  to  right 
(away  GZ)  • 8 ft/aec. 
obscured  by  dust  after 
moving  11  In. 

4S» 

In  assistant  gunner's 
seat,  right  side. 

Same  as  preshot . 

No  damage  to  duMy 
or  clothing. 

Head  did  not  move  for 

43  msec,  then  obscured 
by  dust . 

38*= 

standing,  lacing 

GZ  on  the  right 
rear  portion  of 

MHO. 

Displaced  4 ft  8 in. 
downstreaa,  face-down 
on  ground. 

Damage  to  soft  por- 
tions of  both 
hands . Lacera- 
tlons:  2 la.  right 
shoulder,  3 In. 
above  left  elbow. 

Head  moves  backward 
(away  GZ)  • 15  ft/sec, 
obscured  by  dust  after 
moving  10  In. 
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TABIS  B-2  • COirrilfUBD 


BUST  xmcrs  <m  Domna  • v.  a.  abut  wBArai  srsms 


t 

St at lOB 

Ouny 

Ho. 

OiiMy  Preabot  location 

Duesy  Poatabot  Location 

Condition  of  OoBty 

PllM  Asalyafs 

8 CLGP  Lu«r-Cull«d 
Projactlla 

1050-ft  nag* 

7.6-pal  ov«rp>*aaure 

15= 

Standing  7.5  ft  froa 
CLGP. 

Diaplnced  11  ft  6 In. 
downntreaa  on  back. 

Ho  dnange  to  duaay 

or  clotblng. 

Doiay  ■even  backward 
(nwny  CZ),  rotnten 
hnnd  flmt.  COM  « 17 
ft/snc.  h«nd  6 38 
ft/aec,  after  3.5  ft 
of  trnvwl  COM  approxl  - 
lantaly  Initial  height 
above  ground. 

0 nC04  Towd  Bovltzar 
1112-ft  nage 

6.7-psl  ovarpraaaura 

16' 

Standing  3.5  ft  froai 

xtaot. 

Displaced  9 ;t  11  in. 
dovBstreaai  on  back. 

Ho  dnange  to  duaay 
or  clothing. 

DuMy  noeee  backward 
(away  CZ),  rotates  beed 
fl.>st,  COM  • 14  ft/cec, 
head  • 16  ft/aec,  after 
4.2  ft  of  travel  COM 
approxlaatelr  1 ft  be- 
low Initial  height. 

10  Forward  Obaerrcr 

1370-ft  range 
l.g-pal  overpresaure 

ir» 

Prone  face-on  to 
ground  zero. 

Snae  ns  preabot. 

Mo  daaagc  to  duaey 
or  clothing. 

Bead  did  aot  aove  for 
:oo  Bsec.  tben  obacured 
by  dust. 

13  11577  Deployed 

1370-ft  range 

4.9-psl  orerprensure 

18' 

Staadlag  b«aeBth  da- 
ployed  portion. 

Displaced  6 ft  down- 
atreasi. 

No  daaage  to  duaay 
or  clothlDf. 

Hovenent  observed  but 

BO  good  reference  for 
the  not  ton. 

19C 

Seated  at  table  be- 
neath deployed  por- 
tion. Right  side 
to  GZ. 

Displaced  4 ft  2 in. 

Soft  Material  off 
rig^  t hand. 

Hoveeent  observed  but 

Bc  good  reference  for 
to*  notion. 

It  XM198  Towed  Howitzer 
2t00-rt  range 

2.4-psi  overpressure 

41' 

standing  In  front  of 
XU199. 

Dlsplac;?d  5 rt  1 in. 
downstream. 

No  daange  to  dunmy 
or  clothing. 

Dummy  movrs  backward 
(away  GZ),  rotates  head 
first.  COM  • 1-2  ft/aec. 
COM  impacts  ground  • 

'3  ft/sec.  head  impacts 
ground  o 21  ft/R'ic. 

lapact^Q'-Graphs^-^  Unload**d 


h 


li'ilfi  I'v 
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TABLE  B-3 


ACCELEMTIONS  ffiASUKED  INSIDE  DUItHIES 
U.  S.  ARir:  CEAPOM  SYSTEMS 


lance, 

ft 

1 

Peek  g 

Peak  g 

(Filtered  Record) 

station 

Duaev 

Z-Axia 

X-Axls 

Y-Axla 

Z-Axls 

1 

MO 

■ala  Battle  Tank 

sao 

a 

In  cunner'a  seat 

■ 

6 

H 

3.3 

5 

a 

■SSI 

Sherldaa 

830 

H 

In  coaaander’s  seat 

2.5 

3 

5 

KD 

NU 

ND 

a 

■lOB 

Self-Propelled 

■oeltMr 

740 

7 

Standing  la  gunner’s 
position 

18 

■ 

13 

25 

■ 

3.3 

8 

Standing,  section 
chief 

36 

m 

14 

40 

ND 

14 

5 

■S51 

5b«rtdftD  80* 

330 

5 

Id  gunner’s  seat 

6 

17 

10 

7 

17 

0 

e 

■S77 

Coaaun lent  Iona  Van 

965 

9 

In  driver's  sest 

3.5 

3 

5 

1.5 

3 

3.5 

10 

In  coriander's  seat 

5.5 

4 

4 

5 

4 

3.5 

7 

■110 

8el  f -Profie  1 1 ed 
■owltzer 

965 

44 

In  runner's  eeet 

35 

110 

100 

ND 

130 

90 

45 

In  ftftslstmot  guaner'e 

10 

30 

7C 

ND 

ND 



ND 

ID  - IdJlcatos  DO  datm. 


APPENDIX  C 


ELECTRONIC  EQUIPMENT  SHELTERS 


GZ 


RANGE. 

ft 


OVERPRESSURE. 

psi 


1120 


RI/CIO 

S250 


27  26 


6.6 


1] 


1370 


04/CI6 

S280 


29  28 


4.7 


2000- 


30  31 


07/C26 

S280 


2.8 


^ Standing 
^ Scofcd 
D Camera 


Figure  C-1.  Layout  of  Electronic  Equipment  Shelters. 


r 


m 
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fim  ■» 


Figure  C-2. 


Dunmies  In  Retrofit  Shelter  Viewed  Throueh 
Door,  Rl/cio,  1120-Ft  Range. 
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OISPLACEMCMT,  H 


Figure  C-3. 


Displacement  vs  Time.  Dummy  No. 
in  S250  Retrofit  Shelter  Rl/ClO, 


26  .Standing 
1120  ft. 


H 'uamjyrum 


Figure  C-4.  Displacement  vs  Time,  Dummy  Ko.  27  Seated 
in  Retrofit  Shelter  Rl/ClO,  1120  ft. 
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Figure  C-5.  Displacement  vs  Time,  Dummy  No.  28  Standing 
in  S280  Shelter  04/C16,  1370  ft. 
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I 

I 


o 4 S 12  16  20  24  28 

FRAME  NUMBER,  f 


Figure  C-6.  Displacement  vs  Time,  Dummy  No.  29 

Seated  in  S280  Shelter  04/C16,  1370  ft 
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4 


O too  200  300  39 


FRAME  NUMBER,  t 


4 


2 


0 


FRAME  NUMeEH.  f 


Displaceroent  vs  Time,  Durimy  No.  31  Standing 
in  S2B0  Shelter  07/C26,  2000  ft. 
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1.13 


Figure  C-10.  Postshot  View  of  Dunnny  No.  29  to  Show  Head  Wound. 
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T£BLI  C-1 


BUST  KFnCTS  OH  DinMIZS  IHSIDK  BLICTBOHIC  lODIPIISirr  8RKLTES8 


Station 

Doagr  Preahot  Location 

Ouiaqr  Postshot  Location 

Condition  of  DoMf 

Flla  Analrnls 

s-aao  ■•trotit,  Rl/ClO 
liao-ft  rnoso 

6.S-pnl  OT«ri>nnur« 

ae* 

Standing  facing  ground 
aero  as  in.  froa  up- 
atreaa  eall*:  right 
shoulder  8 In.  froa 
front  wall. 

Ljlng  on  face  feet 
pointed  toward  ground 
aero. 

Ko  daoaga  to  duaar 
or  clothing. 

Dubf  ■ovee  forward 
(toward  QZ),  head  hits 
wall  • 14  ft/sac  aftsr 
travnllng  20  in.,  than 
ihnav  aovsn  backward, 
head  hits  wall  • 12 
ft/sac  after  tiavaling 

33  In. 

a?** 

Seated  between  racks 
facing  ground  aero, 

47  la.  froa  upstruaw 
wall. 

Rwullned  Mated  tilted 
wny  from  ground  zero 

A.C  4f  decree  angle 
leaning  against  rac|t. 

Laceration  4 In. 

In  length  ownr 
orbital  ridge  ex- 
tending 1.5  In. 
down  both  aldea 
of  oywa  Into  awtal 
akull,  S/4-ln.- 
incnratlon  ovar 
bridgw  of  nose 

1/2  la.  dwwp; 
clothing  Intact. 

Dunaj  acves  forward 
(toward  (3),  haad 
hits  shelf  • 11  ft/eec 
after  traveling  20  la. , 
then  dwHV  Bovas  back- 
ward and  rstuma  to 
chair,  back  hits  chair 
• IS  ft/aec,  chair  tilts 
backward,  head  17  la. 
behind  original  posi- 
tion, than  downgr  noves 
forward,  head  hits 
sbslf  • S ft/sec  aftsr 
tmvellag  23  la.,  than 
dnaav  wovas  backward 
sod  resits  In  chair, 
back  bits  chair  • 7 
ft/aec. 

S-aSO,  04/C16 

ISTO-ft  range 

4.7-pal  oeerpreaaure 

1 

Standing,  facing  and 

16  In.  froa  Instru- 
aent  panel ; left 
shoulder  25  lu.  froa 
upstreaa  wall. 

sitting,  head  Isan- 
Ing  agalnet  dowo- 
etraaa  wall  feet 
toward  ground  aero. 

Thrwe  lacerations 
down  back  of  head; 
0.75  Ic.e,  0.25 

In.  deep;  1.0  In. 3, 
0.25  In.  deep; 

0.75  in.*,  0.50  In. 
deep.  10- In. -long 
laceration  on  right 
shoulder;  tear  In 
blouee  orer  rlghv 
shoulder . 

Haad  wovee  to  Isft 
(toward  (B)  • 10  ft/awe, 
obscured  br  duet  after 
■oving  6 in. 

■ 

Seated,  facing  ground 
aero  SO  In.  froa  np- 
streaa  wall*;  right 
abonlder  a7  In. 
froa  Instruaent  panel . 

Ljlng  on  hack  down 
on  floor,  etlll  In 
chair. 

Four- la. -long,  V- 
abaped  laceration 
on  left  sldd  of 
face.  Clothing 
tom  over  both 
kneee. 

Bead  wovea  forward 
(toward  GZ)  • 5 ft/swc, 
obacurwd  br  dust  after 
■owing  2 In. 

I • 
I,  J 

I >11.  la 


f ^ 

CD 


TAux  c-1  - carrimim 


BUST  ■FFBCTS  OM  OIMIBE  imiSB  BLBCTMMIC  IQDIPIBIir  SOLTBU 


Statloa 

Dvmn 

Ho. 

Daiay  Preahot  Lccatloa 

Ducaj  Poatabot  Locatloa 

Condltloa  of  Dump 

Plla  Aaalysls 

s-2ao,  07/C3e 

2000-ft  raaga 

B.B-pal  oaarpraaaare 

30® 

Seatad,  facias  etouad 
earo  33  la.  frooi  up- 
atraaa  oall*;  rlskt 
obouldar  2S  la.  froa 
laotruaest  panal. 

Saatad  uprlsbt  la 
chair  la  praobot 
poaltloa;  chair 
slid  0.75  la. 
dooaatraaa . 

Ho  daaasa  to  dUBf 
or  to  clotblas. 

Haad  aoved  foraard 
(toaard  GZ}  • 4 ft/aac 
tor  S la.  (oo  lopact), 
thaa  haad  aovod  back- 
oard  • 4 ft/aac  for  30 
la.  (BO  lapact),  thaa 
haad  aoved  foraard  and 
caae  to  rest  althla  0.4 
la.  of  orlslaal  poaltloa 

31® 

Staadlag,  facias 

10  la.  froa  laatru- 
atot  paoal;  laft 
obouldar  33  la.  froa 
upatraaa  oall. 

Btaadlas.  laaalos 
sack  agalaat  la- 
otruaaot  paasl. 

Foot  4 la.  dooB- 
straaa  of  praobot 
locat loa . 

Ho  daaasa  to  duBf 
or  to  clotblas- 

Bead  aoved  to  left 
(toaard  GZ)  • 6 ft/aac 
tor  0 la.  (BO  lapact). 
thaa  bead  aovod  to 
right  • 7 ft /sac  for 

IP  la.  (ao  lapact),  tbss 
hea  aoved  to  Istt  aad 
ca»  to  rest  10  la.  to 
right  of  orlgloal  po- 
sltloa. 

Iap»ct-0-<irmpA»*  Dnload«d: 
* Both  lOc- 
**  Ob«  lOc- 

^ Boa*. 


• Hauttrad  to  caatar  of  truak. 


APPENDIX  D 


FOREIGN  VEHICLE 


RANGE, 

ft 


OVERPRESSURE, 

psi 


@ Seated 
[>  Camera 


Figure  D-1.  BRL/Forelgn  Vehicle  Layout  Drawing. 
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fraoiuNa  9m 


Dummy  No,  33  in  Commander’s  Position,  Armored  Infantry 
Fighting  Vehicle. 


Figure  D-3.  Dummy  No.  32  Seated  Inside  Troop  Compartment  and  Dummy  No.  33  in 
Commander's  Position  Viewed  from  Back  Door  Preshot. 


0«SPLACEMENT,  H 


Figurt!  D-5.  Displacement  vs  Time,  Dummy  No.  33  in 
Commander's  Seat,  Armored  Infantry 
Fighting  Vehicle. 
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APPENDIX  E 


DRONE  HELICOPIER 


RANGE. 

ft 


GZ 

{> 

OVERPRESSURE. 

psi 


@ Sealed 
Q Camera 


Figure  E-1.  BRL/Drone  Helicopter  Layout  Drawing. 
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TABLE  E-1 

BLAST  EFFECTS  OH  DUIflfT  IN  DRONE  HELICOPTER 


Stat ion 

Dummy 

no. 

Dumt  Preahot  Location 

Duaagr  Poatshot  Location 

Coaditioa  of  rmaai^ 

FIIb  Analysis 

aiL/IKLO 

(Lett  Sld«  to  Ground 
Z«ro) 

3790- ft  raa«e 

2 . S-pa 1 ovarprasaure 

3«» 

Soatad,  laft  front 
aaat.  Soat  bait 
bamean  attached. 

Saae  aa  prasbot . 

Five  acratchea  on 
halaat."  Ho  daaaca 
to  duaar  or  to 
clothing. 

Head  aovaa  to  left 
(toaard  GZ>  • 4 ft/aec 
for  3 in.,  then  bead 
Bovea  to  right  • 2 
ft/aec  for  1 in.,  than 
head  aorea  to  left  and 
coaea  to  r^at  aitbic 

0.5  in.  of  original 
poaition. 

^ lHpftct*0-Gr^h^  Bot  ualcadBd. 

^ Stawli  wivdov  la  call lac  blotm  la  by  blast. 
Belicopter  bearior  2B6*S4'05". 
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Environeental  Research  Division 
Sandia  Laboratories 
Albuquerque,  New  Mexico 


ABSTRACT 

Predictions  and  measurements  of  distant  propagations  were 
made  of  airblasts  from  Project  DICE  THROW,  including  two  Pre- 
DICE  THROW  events.  The  purpose  was  to  identify,  control,  and 
document  the  off-site  environmental  impact  from  these  large 
explosions.  A weather-watch  was  maintained,  using  special 
meteorological  observations,  to  assure  that  atmospheric 
acoustic  refraction  would  not  cause  significant  nuisance 
damage  or  hazard  to  surrounding  communities.  Weak  propaga- 
tion conditions  prevailed  during  the  two  Pre-DICE  THROW  events. 
A nvoderately  strong  propagation  directed  toward  the  southeast 
from  DICE  THROW  caused  some  disturbance  in  Tularosa  and 
Alamogordo  but  no  damage  claims  were  submitted. 


•This  work  was  jointly  supported  by  the  Energy  Research  and 
Development  Administration  and  the  Department  of  Defense 
Nuclear  Agency. 


INTRODUCTION 


At  the  request  of  the  Defense  Nuclear  Agency  Field  Command, 
Sandia  Laboratories  evaluated  the  potential  for  Project  DICE 
THROW  airblasts  to  hazard,  damage,  or  irritate  communities 
surrounding  White  Sands  Missile  Range  (WSMR) . Preliminary 
evaluations  showed  that  under  particular  weather  conditions, 
the  nuisance  damage  threshold,  often  assumed  to  be  near  400-Pa 
peak-to-peak  pressure  amplitude,  could  extend  80  km  from  the 
two  Pre-DICE  THROW  calibration  shots  and  over  135  km  from  the 
final  DICE  THROW  event.  Considering  the  exposed  populations, 
it  appeared  that  windows  could  be  broken  as  far  away  as 
Albuquerque . 

A weather-watch  was  instituted  to  determine  what  propana- 
tions  could  be  expected  at  shot  time  and  provide  tor  delays 
in  case  such  extreme  conditions  were  encountered.  Microbaro- 
graph pressure  measurements  were  made  in  various  communities 
to  document  the  actual  wave  passage,  for  use  in  verification 
of  predictions  as  well  as  validation  or  rejection  of  any 
damage  claims  that  resulted. 

As  it  turned  out  there  were  no  atmospheric  propagation 
problems  associated  with  either  calibration  event,  and  only  a 
moderately  focused  wave  was  ducted  toward  Tularosa  and 
Alamogordo  from  DICE  THROW.  There  may  liave  been  some  minor 
damages  from  this  final  blast,  but  no  serious  claims  were 
made . 


Severn!  small  ei  tasks  wej  e also  perlonued  tor  this  i.io- 
ject.  A drat  t llnvi  roniiK.-ntnl  Inipaci  AssossiikmiI:  [ij  was 
revii.wei:  and  corrected.  Ealc?  se};aratJon  distances  ana 
altitudes  were  estimated  l<3j  project  tacilities  ami  partici- 
pating aircratl.  I'inaily,  consultant  service  was  provided 
Jor  evalnat.ind  several  damage  claims  that  jesnltcjd  1 rom  an 


associated  experiment  with  1200  pounds  (540  kg)  of  high- 
explosives  (HE)  at  Kirtland  AFB  on  March  25,  1975. 

SHOT  DESCRIPTIONS 

Pre-DICE  THROW  I was  a 100-ton  (91  Mg)  TNT  sphere,  on 
and  tangent  to  the  ground  surface,  fired  at  1100  MOT  <1700Z> , 
August  12,  1975.  This  explosion  ground  sero  (GZ)  was  located 
about  2 ka  sciuth  of  the  WSHR  "Queen  15“  Station  and  46  km  NW 
of  Tularosa,  NM. 

Pre-DICE  THROW  II  was  a 120-ton  (109  Mg)  ANFO  (anisonium 
nitrate  and  fuel  oil  slurry)  surface  tangent  sphere,  fired  at 
1200  MOT  (1800Z) , September  22,  1975,  at  a point  just  east  from 
the  previous  calibration  shot.  It  was  tested  to  verify  that 
120-ton  ANFO  was  indeed  the  equivalent  blast  generator  to 
100-ton  TNT. 

DICE  THROW  was  a 600-ton  (544  Mg)  ANFO  surface  tangent 
sphere,  fired  at  0800  MDT  (1400Z) , October  6,  1976.  The  GZ  was 
located  about  5 km  west  of  Trinity  Site,  thus  56  km  SE  from 
Socorro,  NM.  Various  measurements  [2]  showed  that  it  well 
simulated  the  intermediate  and  distant  blast  wave  phenomena 
expected  from  a source  of  1-kt  NE  (nuclear  explosion,  4,2TJ) 
surface  burst,  or  2-kt  NE  free-air  burst. 

DISTANT  AIRBLAST  PREDICTIONS 

Sound  or  blast  waves  may  be  distorted  by  atmospheric 
temperature  and  wind  strata.  Sound  rays  are  bant  away  from 
(toward)  ground  while  passing  through  layers  where  sound 
velocity  decreases  (increases)  with  altitude.  Sound  velocity, 
a vector,  is  made  up  of  isotropic  sound  speed,  dependent  on 
temperature,  plus  a directed  wind  component.  In  general,  if 
a directed  dound  velocity  at  altitude  is  greater  than  at 


-4- 


■i 


ground  level,  there  will  be  acoustic  ducting  or  trapping  that 
may  considerably  amplify  airblast  overpressures  or  -acoustic 
amplitudes,  above  the  levels  expected  from  purely  spherical 
(or  hemispherical)  wave  expansion.  On  the  other  hand,  with 
a strong  gradient  of  sound  velocity  with  height,  much  red  iced 
pressures  are  observed  along  the  ground.  More  details  are 
available  from  many  sources,  a recent  one  being  a Sandia  report 
for  Project  MIXED  COMPANY  [3],  and  will  not  be  repeated  here. 

Various  studies  have  led  to  a statistical  estimator  for 
window  damage  as  a function  of  airblast  overpressure  [4]. 

Simply  stated,  Ap(50)  = 7.5  x (2.5)— ^kPa,  or  50  percent  of 
typical  windovi  panes  are  broken  by  an  incident  overpressure, 

Ap,  of  7.5  kPa,  with  a lognormal  uistribuhion  of  failure 
occurrences  and  a geometric  standard  deviation  factor  of  2.5. 
Also  assumed  in  damage  estimation  was  an  average  of  19  window 
panes  per  person  in  a community  (sj.  standard  explosion 
uve^".  assure  versus  distance  relations  [6]  were  scaled  to 
yields  of  calibration  shots  and  DICE  THROW  as  shown  in  Figure 
1 and  2,  respectively.  Test  results  have  been  included  for 
later  discussion.  Magnifications  oi  3X  for  atmospheric 
boundary  layer  inversion  propagations  and  5X  for  atmospheric 
focusing  were  assumed,  along  with  an  increased  amplitude  decay 
with  distance  for  gradient  conditions,  for  estimating  possible 
v.’"' * da^^  i to  neighboring  communities  shown  in  Table  I. 

Predictions  ior  calrbiation  sliots  showed  tliaL  damage  levels 
from  airblar'  focusing  on  several  communities  ougnt  to  be 
avoided.  If  neighborhood  opposition  be  generated  against 
the  much  larger  iinal  event..  Tlio  necessary  weather  it-L-t.iic- 
tion  was  slight,  because  such  focusing  at  50-km  to  lOU-km 
ranges  is  associated  with  jet  stream  winds  alolt  that  are 
relatively  infrequent  at  tliis  latitude,  even  in  mid-winter. 


Recorder-  Peak-to-Peak  Pressure  (pascals) 
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R^corte':  Feak-lo-Peak  Pressure  (pascals' 
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Table  I.  Predicted  Window  Damages  with  Various  Airblast  Propagations 


r 


f* 


City: 

Altunogordo 

Tularosa 

Carrizozo 

Socorro 

Albuquerque 

Population  fl970) : 

23,  035 

2,851 

1,123 

4,687 

270,000 

Atmospheric  Propagation  Type 

Pre-DTCE  THROW  I,  II 

Distance  (km) : 

66 

47 

56 

91 

Gradient 

0 

Broken 
~5 

Panes 

0 

0 

0 

Standard 

0 

0 

0 

0 

0 

Inversion 

1 

1 

0 

0 

0 

Focusing 

7 

11 

2 

1 

0 

DICE  THROW 


Distance  (km) : 

100 

81 

60 

53 

155 

Gradient 

0 

Broken 

0 

Panes 

0 

0 

0 

Standard 

0 

0 

0 

1 

1 

Inversion 

0 

1 

1 

13 

17 

Focusing 

38 

6 

5 

51 

70 

I 

\ 
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DICE  THROW  predictions  caused  more  concern  in  that  low 
level  inversion  or  down-wind  propagations  could  cause  numeroUvv 
complaints  and  claims  from  both  Socorro  and  Albuquerque. 

Lower  pressures  at  the  longer  range  to  Albuquerque  than  to 

Socorro  were  counteracted  in  this  damage  estimate  by  the 

much  larger  exposed  population  in  Albuquerque.  Climatic 

weather  patterns,  with  south  and  southwest  winds,  made  delays 

for  weather  quite  likely,  even  with  mid-day  firing  and  near 

maximum  surface  temperatures.  Late  in  field  test  preparations 

it  was  found  that  at  mid-day,  very  low  frequency  (VLF)  radio 

noise  caused  great  difficulty  with  electrical  grounding  ol  1 

various  experimtuit:  recording  systems,  and  an  0800  MDT  shot 

time  was  established.  That,  --..ide  ^ sticng  sun  ace  temperature 

inversion  likely,  with  enhanced  airblast  propagation.  As  it 

turned  out,  this  project  was  very  lucky  and  no  delays  were 

needed. 


OPERATING  PLAN 

A blast  prediction  service  was  chartered,  as  Experiment 
Number  122,  which  used  special  WSMR  weather  observations  to 
establish  whether  enhanced  airblast  propagation  conditions 
were  occurring  toward  any  of  the  surrounding  communities. 
Results  were  relayed  to  the  Test  Group  Director  for  considera- 
tion in  making  final  firing  decisions. 

Airblast  measurements  were  made  in  vulnerable  communities 
to  verify  predictions  and  provide  bases  for  validating  or 
rejecting  any  damage  claims  that  arose.  Calibration  shots  were 
monitored  by  pressure  gages  at  Oscuro,  Carrizozo,  Tularosa, 
and  Alamogordo,  connected  by  radio-telemetry  (TM)  link  l.o  a 
recording  van  at  D-7  Site,  near  tlie  tost  control  center.  There 
were  problems  with  line-of-sight  TM  communications  for  the 
DICE  THROW  plan,  so  it  was  monitored  by  manned  microbaroqraph 
(MB)  units  located  at  Stallion  Site,  Socorro,  Cariizuzo, 
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Tularosa,  and  Alamogordo.  These  mobile  MB  units  could  be 
moved  to  more  vulnerable  locations  if  warranted  by  D-1  day 
weather  forecasts. 

Meteorological  observations  were  provided  by  AVCO,  a WSMR 
contractor.  A mobile  rawinsonde  weather  balloon  facility  was 
operated  at  SW.70  Site,  5 km  southwest  of  Queen-15,  for  pre- 
DICB  THROW  events.  A permanent  rawinsonde  station  at  Stallion 
Site  was  used  for  DICE  THROW,  19  km  north  of  the  test  but 
with  a clear  view  of  it  over  flat  terrain,  so  that  representa- 
tive weather  data  were  assured.  A regular  balloon  ascension 
is  made  at  WSMR,  near  the  Small  Missile  Range,  daily  at  1200Z 
(0600  MDT)  on  the  international  synoptic  schedule,  and  results 
were  made  available  for  early  morning  planning.  For  calibra- 
tion shots,  special  ascensions  from  SW.70  were  made  at  H-2.5, 
H-1,  and  H hours.  Special  DICE  THROW  ascensions  from  Staxlion 
Site  were  scheduled  for  H-4,  H-2,  H-1  and  H hours. 

AIRCRAFT  SAFE  SEPARATION 

Explosion  wave  scaling  laws,  including  the  shock  strength 
dependence  on  ambient  pressure  at  altitude,  were  used  to 
derive  isobar  cross-sections  in  F^igure  3 for  the  two  yields. 
Light  aircraft  and  helicopters  are  safe  from  0.2  psi  (1.4  kPa) 
incident  overpressures,  although  an  added  safety  factor  of 
2 is  often  employed  for  aircraft  positioning  in  association 
with  explosion  teats  [7].  More  substantial  jet  transports 
and  bombers  are  safe  from  0.5  psi  (3.5  kPa) , while  fighters 
are  safe  from  2 psi  (14  kPa). 


RESULTS 

Pre-DICE  THROW  I; 

Distant  propagations  were  expected  and  verified  to  be 
quite  weak,  so  that  no  disturbance  was  created  among  the  WSMR 
neighbors.  Rawinsonde  measurements,  for  blast  prediction 


w 


Figure:.  Project  D I CF.  r:RO;. -rc. '-ir  last  Isobars. 
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calculations,  are  listed  in  Table  II  for  both  8/11/75  (dry 
run)  and  8/12/75  (live  run).  On  Monday  (8/11)  tliere  was  a 
layer  of  northerly  winds  at  2. 7-3.6  km  MSL  (above  mean  sea 
level)  that  would  have  ducted,  and  possibly  focused,  relatively 
strong  airblasts  toward  Tularosa  and  Alamogordo. 

On  test  day  (8/12)  there  was  never  any  indication  of 
blast  ducting  toward  either  NE  or  SE  directions  of  concern, 
after  the  night-time  temperature  inversion  had  been  destroyed 
by  solar  heating.  Sound  velocity  versus  height  functions 
from  pre-test  (H-2.b,  H-1  hours)  and  shot  time  (1100  MDT) 
soundings  are  shown  toward  NE  in  Figure  4 and  toward  SE  in 
Figure  5.  The  strong  gradient  of  sound  velocity  toward  NE 
was  expected  to  give  relatively  weak  propagations  in  that 
direction.  Toward  SE,  less  upward  blast  refraction  was  expected 
because  of  an  inversion  at  2. 1-2. 6 km  MSL,  but  no  strong  blast 
ould  be  refracted  into  the  surface  high  velocity  layer. 

Recorder  traces  from  the  TM  gage  network  are  reproduced 
in  Figure  6.  with  numerical  results  shown  in  Table  III.  The 
microbarograph  at  Carrizozo  disagreed  with  the  TM  amplitude, 
but  both  weak  signals  were  difficult  to  distinguish  from  ambient 
noise.  This  discrepancy  was  not  significant.  Peak  amplitudes 
were  shown  in  Figure  1 for  comparison  v;ith  various  prediction 
curves.  Propagations  toward  NE,  to  Oscuro  and  Carrizozo,  were 
indeed  as  expected  from  the  strong  gradient  shown  in  Figure  4. 
Stronger  SE  propagations  toward  Tularosa  and  Alamogordo, 
resulted  from  the  weaker  overall  gradient  of  Figure  5,  as  could 
well  be  expected. 

In  summary,  p:  edic  -j ons,  measurements,  and  off— site 
protection  ^rom  nuisance  airblasts  were  all  successful. 
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TAPLF  II.  PRE-DICE  THROW  I RAWINSONDE  t:prr.R  AIR  REPORTS 
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Figure  4.  Pre-DICE  THROW  I Sound  Veixities  Toward  063°  Direction  of  Oscuro  and  CarrJzcea 
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TABLE  III.  PRE-DICE  THROW  I 
Off-Site  Alrblast  Measurements 


Station 

Gage 

Distance  (in) 

Arrival 
Time  (sec) 

Arrival 

(m/a) 

Velocity 

(ft/sec) 

Pressure 

(pascals) 

Amplitude 

(psi) 

Os euro 

TM 

31,176 

88.33 

353 

1158 

26.3 

0.00382 

Carrizozo 

TM 

52,920 

157.87 

335 

1100 

10.4 

0.00151 

MB 

148.5 

356 

1169 

5.8 

0.000848 

Tularosa 

TM 

46,080 

133.14 

346 

1136 

43.6 

0.00633 

Ala:?ogordo 

TM 

66,240 

196.90 

336 

1104 

38.2 

0.00554 
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Pre-DICE  THROW  II; 

Distant  propagations  were  again  expected  and  verified 
to  be  relatively  weak,  so  that  no  significant  disturbance  was 
created  among  the  WSMR  neighbors. 

Meteorological  observations  of  rawlnsonde  ascensions  are 
listed  In  Table  IV,  as  used  In  blast  prediction  calculations. 
During  the  final  dry  run  on  9/21/75  a layer  of  moderate 
westerly  winds  at  3. 7-4. 9 km  MSL  would  have  ducted,  and 
possibly  focused,  relatively  strong  alrblasts  toward  Oscuro 
and  Carrlzozo. 

On  the  test  date  there  was  no  Indication  of  blast  ducting 
toward  either  NE  or  SE  directions  of  concern,  after  the  sun 
had  destroyed  a night-time  surface  temperature  inversion.  Sound 
velocities  versus  height  at  1200  MDT  are  shown  in  Figures  7 and 
8,  for  dry  run  and  event  days,  respectively.  On  shot  day  a 
strong  sound  velocity  gradient  In  both  directions  was  expected 
to  give  relatively  weak  propagations  at  all  off-site  alrblast 
measurement  sites. 

Recorded  wave  data  are  listed  in  Table  V.  Figure  9 shows 
the  weak  waves  recorded  at  Oscuro,  with  an  Indication  of  back- 
ground wind  noise  levels.  In  general,  amplitudes  over  about 
10  Pa  can  be  heard,  but  more  than  100  Pa  Is  usually  required 
to  get  people's  attention  and  start  them  to  complaining.  At 
400  Pa  window  breakage  becomes  likely. 

Figures  10  and  11  show  recordings  at  Carrizozo,  by  micro- 
barograph and  the  telemetered  blast  gages,  respectively.  Wind 
noise  was  better  filtered  by  the  microbarograph,  which  has  only 
30-Hz  high  frequency  response  capability,  while  blast  gages 
respond  to  about  2 kHz.  A discrepancy  In  timing  and  general 
wave  appearance  cannot  be  explained;  the  two  sensors  were 


TABLE  IV.  PRE-DICE  THROW  II  RAWINSOSDE  UPPER  AIR  REPORTS 


Tenoerature  (K)  ; Winds  (dog./ni;”^) 
Shot  Tine  Surface  Pressure:  87.65  kPa 
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Figure  7.  Pre-DICE  THROW  1 1 Dry  Run  Sound  Velocities  at  1200  MDT.  9/21/75. 
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Figure  a Pre-DICE  THROW  ii  Sound  Velocities.  ’200  MDT.  9/22/75. 


TABLE  V.  PRE-DICE  THROW  II 
Off-Site  Airblast  Measurements 


Station 

Gage 

Distance 

(m) 

Arrival 
Time  (sec) 

Arrival 

(m/s) 

Velocity 
(ft/ sec) 

Pressure 

(pascals) 

Amplitude 

(psi) 

Oscuro 

TM 

31,176 

93 

335 

1100 

14.96 

0.00217 

Carrizozo 

TM 

52,920 

165 

231 

1052 

12.69 

0.00184 

MB 

169 

313 

1027 

8.13 

0.00118 

Tularosa 

TM 

46,080 

145 

318 

1043 

13.17 

0.00191 

Alamogordo 

TM 

66,240 

Recording  failure 

; Moderate 

rumbles  and  echoes. 

PRESSURE  (pascals) 
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Figure9.  Pressure  Gage  Record,  Pre-DICE  THROW  II, 
at  Oscuro,  New  Mexico,  31, 1 km  Range. 
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Figure  10.  Microbarograph  Record.  Pre-  DICE  THROW  M at  Carrizoza 


PRESSURE  (pascals) 


aooos 


ao(X)o 

(psD 


-a(X)05 


-a(X)io 


TIME  (s) 


Figure  11.  Pressure  Gage  Record,  Pre-DICE  THROW  II  at  Carrizao,  New  Mexico,  53lon  Rarige 
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co-located#  side-by-side,  so  there  should  have  been  better 
agreement.  The  TM  timing  was  from  the  IRIG  standard,  while 
the  MB  set  used  a radio  receiver  on  WWVB,  world  time  trans- 
mitted from  Boulder,  Colorado. 

There  also  was  trouble  witli  the  Alamogordo  TM  record. 

A paper  record  made  on-site  at  blast  time  showed  only  an 
extremely  weak,  possible  signal  from  Alamogordo,  but  the 
channel  did  appear  to  have  been  energized.  There  was  no 
indication  of  the  easily  audible  signal  that  was  reported 
by  our  techriician  at  che  gage  si'ie.  There  was  a mix-up  in 
cape  channel  identifications  that  we  have  not  been  able  to 
correct  to  allow  further  playbacks. 

On  the  other  hand,  ray  path  calculation.,  have  been  made 
from  shot  time  meteorological  data  that  showed  arrival  times 
that  were  consistent  within  about  1 second  for  the  Oscuro, 
Tularosa,  and  Carrizozo  MB  signals,  as  reported  herein.  Ray 
calculations  for  Pre-DICE  THROW  I had  also  confirmed  arrivals 
from  that  event  where  Carrizozo  TM  and  MB  records  were  in 
disagreement,  but  the  MB  operation  was  suspecu  in  that  case. 
Previous  comparison  tests  between  TM  and  MB  systems  had  not 
found  such  troubles. 

The  Tularosa  record  is  shown  in  Figure  12,  although  this 
was  made  from  a digitized  playback  of  the  Alamogordo-labelled 
tape  track.  In  consequence,  because  of  the  uncertainty  about 
which  gage  calibration  was  appropriate,  reported  amplitudes  for 
Tularosa  may  be  low  by  a factor  of  two.  This  would  extrapolate 
from  26  Pa  at  Tularosa  to  abou',  13  Pa  at  the  distance  of  Alamo- 
gordo, and  explain  the  reported  easy  audibility,  where  half 
that  amplitude  i*robably  would  not. 

Amplitude  and  distance  lata  were  shown  in  Figure  1,  in  com- 
parison with  prediction  curves  for  various  atmospheric  propagation 
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Ffgure  12.  Pressure  Gaqe  Record,  Pre-DICE  THROW  II,  at  Tularosa,  New  Mexico,  46  km  Range. 
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conditlons.  Clearly i these  records  show  correct  magnitudes 
for  gradient  propagations,  as  determined  by  meteorological 
input.  That  plot  also  showed  that  the  Carrizozo  MB  amplitude 
was  in  better  agreement  (pressure-distance  decay  rate)  with 
the  Oscuro  amplitude,  on  nearly  the  same  azimuth,  than  was 
the  Carrizozo  TM  recording.  Greater  propagation  strength 
toward  the  SE  direction  may  be  qualitatively  explained  by 
the  presence  of  an  upper  sound  velocity  inversion  at  3. 7-4, 3 km 
MSL  for  the  140°  azimuth  in  Figure  8. 

Most  of  these  details  are  of  little  practical  importance 
to  test  operations,  as  they  deal  with  problems  of  working  in 
a low  signal-to-noise  environment.  The  important  conclusion, 
is,  of  course,  that  recorded  signals  were  weak,  as  predicted 
from  the  weather-watch.  If  this  event  had  been  fired  just 
24  hours  earlier,  without  weather  and  blast  prediction  seirvices, 
amplitudes  at  Oscuro  and  Carrizozo  could  have  been  as  much  as 
50  to  100  times  greater  and  caused  some  window  breaking  and 
public  relations  problems, 

DICE  THROW; 

The  schedule  for  weather  balloon  observing  and  blast  pre- 
diction calculation  was  exercised  during  the  FPFF  (full  power, 
full  frequency)  dry  run  on  10/4/76,  On  shot  day,  10/6/76, 
balloon  observations  were  made  on  schedule  with  all  results 
shown  in  Table  VI.  There  was  indeed  a 2. 0-2. 5 K surface 
temperature  inversion,  that  remained  from  night-time  cooling. 
Predictions  on  D-2  days  for  a southeasterly  low  level  (2-3  km) 
atmospheric  circulation  did  not  materialize,  because  a low 
pressure  wave  had  developed  on  an  approaching  polar  front  in 
Colorado.  Instead,  general  northwesterly  circulation  persisted 
throughout  the  entire  period  from  D-3  days.  In  result,  Tularosa 
and  A1  .xtvogordo  were  threatened  with  relatively  strong  blast 
waves,  rather  than  Socorro  and  Albuquerque. 


TABLE  VI.  OICE  THROW  RAWINSOMDE  UPPER  AIR  REPORTS 


Temperatures  (K) ; Winds  (deg/ms 

Shot  Time  Surface  Pressures:  64.98kPa  8 Stallion  Site;  estimated  85.63ltPa  9 DICE  THROW  (1442ra  MSL) 
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280.8 

305/10. 8 

2 8 1 . .7 

310/10. 3 
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Flgure  13  shows  the  sound  velocity  versus  height  structures 
at  shot  time  toward  the  095°  azimuth  of  Carrizozo  and  140°, 
between  Tularosa  and  Alamogordo.  There  were  only  minor  varia- 
tions from  the  H-4  hour  sounding  and  predictions  relayed  to 
the  Test  Group  Director  during  the  count-down.  The  Carrizozo 
curve  showed  a strong  Inversion  ducting  layer  to  2,1  km  MSL, 
but  it  did  not  extend  above  the  Osctiro  Peaks  (2. 4-2. 7 km  MSL), 
so  they  provided  some  protection.  The  high  sound  velocity 
at  5.2  km  MSL  apparently  helped  propagate  a moderate  strength 
wave  into  Carrizozo. 

Tularosa  and  Alamogordo  were  nearly  downwind  from  GZ,  and 
on  the  140°  azimuth  sound  velceities  increased  to  a maximum 
at  5.2  km  MSL.  There  was  a strong  surface  inversion  to  carry 
a wave  southeast  tlxrough  Mockingbird  Gap,  as  well  as  a complex 
ducting  structure  between  2.7  km  and  4.3  km  MSL  that  could 
cause  distant  blast  focusing.  Detailed  acoustic  ray  calculations 
showed  a caustic  ring  about  10  km  short  of  the  distance  to 
Tularosa.  Experience  has  shown  that  this  focal  range  can  only 
be  predicted  within  several  kilometers.  Therefore,  predictions 
were  made  that  a few  windows  could  be  broken  in  both  Tularosa 
and  AlamogordOf  but  the  robability  of  dozens  being  broken  was 
quite  small,  depending  on  just  whexe  the  focus  or  caustic  wave 
might  strike. 

Propagation  toward  Truth  or  Consequences,  NM,  shown  by 
Figure  14,  was  slightly  ducted  below  2.4  km  MSL,  but  little 
energy  could  be  trapped  by  the  0.15  w/s  excess  sound  velocity 
at  that  height.  This  was  not  of  sufficient  concern  to  warrant 
moving  a microbarograph  to  that  community. 

Propagation  toward  320°  azimuth,  toward  Stallion  Site  and 
Socorro,  was  minimized  by  a.  strong  gradient  of  sotmd  velocity 
with  height.  The  averaged  aoimd  velocity  gradient  from  1.8  km 
MSL  was  -7.6  x lO”^  s”^,  compared  to  the  calm  standard 


Sound  VelKity 


(meters/second) 


Figure  14  DICE  THROW  Sound  Velocities  Toward  West  Quadrants. 
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atroosphere  gradient  of  -4  x lO"^  (0.0065  K/m) . Thus,  minimized 
propagation  was  expected  for  that  direction. 

Surface  weather  conditions  at  Stallion  Weather  Station 
(1506  m MSL)  were  not  the  same  as  at  DICE  THROW  GZ  (1442  m MSL) . 
This  elevation  difference  was  used  to  estimate  GZ  ambient  air 
pressure  from  the  Stallion  barometer  reading  given  in  Table  VI. 

Reproductions  of  MB  recordings  at  the  five  measurement 
locations  are  shown  in  Figures  15-17.  Numerical  data  are  listed 
in  Table  VII.  Each  recorder  was  operated  with  two  pens  with 
set  ranges  that  differed  by  a factor  of  four,  aa  shown  by 
Figure  16  and  17.  If  a signal  was  weaker  than  expected  it 
could  still  be  accurately  measured  from  tlie  "High  Sensitivity 
A-Per".  If  the  signal  exceeded  expectations  it  was  contained 
by  the  scale  of  the  "Low  Sensitivity  B-Pen".  Timing  marks 
were  made  by  a side-marking  pen  connected  to  a radio  receiver 
on  WWVB. 

The  Stallion  signal  consisted  of  a severely  damped  explo- 
sion wavefom;,  from  gradient  propagation,  followed  by  two 
sinusoidal  cycles  of  similar  frequency.  There  were  several 
later  cycles  of  much  weaker  echo  waves  that  were  not  reproduced 
for  this  report.  The  8-Hz  oscillations  which  were  superimposed 
on  the  fundamental  waves  probeUaly  resulted  from  weak  teir^erature 
inversion  ducting  in  the  boundary  layer  which  was  almost,  but 
not  quite,  overcome  by  wind  effects,  as  was  shown  in  Figure  14. 

The  Socorro  record  posed  a problem  with  the  late  arrival 
time.  The  first  indication  of  noise  came  at  159  s,  in  rough 
accord  witli  the  wave  speed  determined  en  route  at  Stallion. 

Th«  largest  amplitude  wave  ceune  50  s later  but  there  was  no 
possible  acoustic  ray  path  for  this  propagation.  Ray  path 
analysis  has  shown  this  wave  probably  was  a collection  of 
scattered  compressions  from  the  proper  acoustic  wave  passing 
ul /e  9 km  MSL. 
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Fiqure  ^5. 

Project  DICE  THROW  Microbarograph  Records 
Shot  Time  0800MDT  10/4/76 


Stallion  Range  Center  (Weather  Station) 

A-Pen  Record  High  Sensitivity 

56  60  sec  after  Shot  Time  WWVB  Time 


Socorro,  New  Mexico  (Golden  Manor  Motel) 

A~Pen  Record  High  Sensitivity 

Z20  222  sec  after  Shot  Time  225  WWVB  Time 


175  sec  after  Shot  Time  WWVB  Time  180 


Paper  Speed  2. 3 cm/sec 


Paper  Speed  2. 5 cm/sec 


Fiqure  17. 

Project  DICE  THROW  Microbarograph  Records 
Alan^ogordo.  New  Mexico  (San/is  Aloteh 
Shot  Time-  0800MDT.  10/4/76 
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At  Carrizo;-o  the  record  showed  two  cycles  of  damped 
sinusoidal  oscillation  much  as  could  be  expected.  Oscuro 
Peaks  blocked  any  strong  inversion  propagation  indicated  by 
the  weather  data,  but  diffraction  over  Oscuro  Peak  appears 
to  have  been  facilitated  by  high  sound  velocities  up  to  5.2  km 
MSL.  Other  experience  has  shown  that  mountain  shielding  may 
attenuate  blast  amplitudes  by  about  a factor  of  two  at  long 
ranges. 

Strong  propagations,  predicted  for  Tul&rosa  and  Alamogordo, 
were  verified  by  recordings  shorn  in  Figures  16  and  17,  respec- 
tively. The  Tularosa  wave  went  off-scale  on  the  sensitive  A- Pen 
but  was  contained  by  the  less  sensitive  B-Pen  recording.  There 
does  not  appear  to  be  any  sign  of  strong  magnification  with  a 
pressure  spike,  caused  by  the  complex  upper  level  ducting  layer. 
Thus  there  probably  was  no  focus  or  caustic  that  struck  any 
part  of  that  small  town.  The  recorded  signal  with  370-Pa 
amplitude  was  noisy,  easily  heard,  and  approached  the  400-Pa 
rule-of-thumb  threshold  for  window-breaking  waves.  According 
to  our  station  operator  this  blast  wave  set  off  a burglar  alarm 
in  a building  near  our  sensor.  Also,  one  resident  informed  him 
that  the  blast  had  caused  a crack  in  his  plastered  wall,  but 
he  probably  would  not  take  any  claims  action. 

The  Alamogordo  recording  was  also  driven  off-scale  on  the 
sensitive  A-Pen,  but  a complete  record  was  made  by  the  B-Pen. 

The  amplitude  of  390  Pa  was  slightly  higher  than  that  recorded 
at  Tularosa.  This  blast  was  loud  at  the  station  but  our 
operator  reported  no  sounds  of  breaking  glass.  A personal 
report  from  a Holloman  Air  Weather  Service  contact  also  reported 
that  considerable  house  rattling  was  heard  indoors  but  there 
was  no  diunage,  and  little  disturbance  noted  by  children  playing 
outdoors.  This  recorded  wave  amplitude  could  indeed  be  expected 
to  break  a few  windows  in  so  large  a population  (24,000  people. 
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••tiMted  460 1 000  window  panes),  but  no  claims  reports  were 
received.  Also,  in  the  S-kin  extent  of  that  comnunity  there 
could  have  been  wave  focusln9  that  was  not  detected  by  our 
single  microbarograph  sensor.  This  may  provide  a useful  data 
point  near  the  "threshold"  for  annoying  cosmetic  architectural 
damges.  One  previous  incident  ir  Las  Vegas,  Nevada,  and  two 
incidents  in  St.  George,  Utah,  from  atmospheric  nuclear  tests 
in  the  19S0's,  each  resulted  in  one  window  damage  claim  from 
just  over  4Q0  Pa  recorded  amplitudes,  but  the  so-called 
"threshold"  interpretation  cannot  be  taken  as  well-established 
from  such  meager  data. 

Pressure-time  signatures  of  waves  recorded  at  both  Tularosa 
and  Alamogordo  indicate  that  these  large  amplitudes  were  probably 
propagated  by  an  upper  level  duct  between  4.3  km  and  ''.2  km  MSL. 

There  was  a problem  with  arrival  timing  and  blast  wave 
velocity  at  Socorro,  as  shown  by  results  in  Table  Vll.  it 
appeared  that  waves  traveled  faster  upwind  toward  Socorro  than 
downwind  toward  Alamogordo.  Explanation  may  lie  in  erroneous 
mapping.  If  the  map  distance  from  GZ  to  Stallion  were  reduced 
by  508  m (2  1/2%) , the  recorded  arrival  time  would  be  consistent 
with  the  339  m/s  surface  velocity  of  Figure  14.  This  incremental 
distance,  added  to  the  Alamogordo  map  distance,  would  give 
342  ffl/s  wave  velocity,  consistent  with  maximum  propagation 
speed  under  the  inversion  in  Figure  13.  With  such  sensitivity 
to  location,  surveyed  station  sites,  detailed  ray  path  time 
calculations,  and  time  correction  for  strong  shock  source  con- 
ditions would  be  required  to  reach  full  internal  consistency 
in  results. 

Pressure  amplitudes  shown  by  the  microbarograph  records  were 
entered  on  the  pressure-distance  graph  c-f  Figure  2 for  comparison 
with  planning  predictions.  Amplitudes  al '>ng  the  320°  azimuth 
to  Socorro  were  much  below  even  an  average  gradient  curve.  The 


TABLE  VII.  DICE  THROW  MICRODAROGRAFH  AIRBLAST  MEASUREMENTS 


Station 

Azimuth 

Distance 

(km) 

Arrival 

Time 

(sec) 

Arrival 

Velocity 

(ft/ sec) 

Pen 

Pressure 

Amplitude 

(pascals)  (psi) 

Stallion 

321° 

19.17 

56.07 

339.3 

113 

A 

97.73 

0.014 

B 

100.96 

0.015 

Socorro 

320° 

55.81 

159.00 

350. 1‘ 

1149 

A 

First  detectable  arrival 

164.35 

338.7 

1111 

A 

1.13 

0.00016 

197.40 

282.7 

927 

A 

First  late  arrival 

222.00 

251.4 

825 

A 

6.26 

0.00091 

222.00 

251.4 

825 

B 

6.30 

0.00091 

Carrizozo-I 

. 095° 

60.44 

174.04 

346.4 

1136 

A 

211.6 

0.0307 

174.04 

346.4 

1136 

B 

217.9 

0.0316 

Carrizozo-II 

,.04 

346.4 

1136 

A 

220.1 

0.0319 

174.04 

346.4 

1136 

B 

260.2 

0.0377 

Tularosa 

144° 

81.50 

238.54 

341.0 

1119 

A 

First  arrival 

244.30 

333.6 

1094 

A 

>329.5 

>0.0478 

244.30 

333.6 

1094 

B 

369.0 

0.0535 

Alamogordo 

148° 

102.51 

299.76 

341.5 

1120 

A 

First  arrival 

306.43 

334.1 

1096 

A 

>309.8 

>0.0449 

306.43 

334.1 

1096 

B 

377.1 

0.0547 

‘Stallion  arrival  speed  would  give  54.09  km  range,  1.72  km  short  of  map  location 
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actual  sound  velocity  gradient  toward  320°  was  indeed  stronger 
than  the  average  gradient  encountered  in  other  ducting  test 
environments.  The  isolated  point  representing  the  wave 
scattered  from  high  altitude  down  to  Socorro  also  fell  well 
below  the  gradient  curve.  Amplitudes  from  the  two  MB  sets 
operated  at  Carrizozo  fell  almost  exactly  on  the  Standard 
curve,  but  that  is  a coincidence  of  little  significance. 

Lacking  the  mountain  barrier  of  Oscuro  Peaks,  appreciably 
larger  eunpl.'tudes  would  have  been  expected  ^.t  that  station. 

Both  Tularosa  and  Alamogordo  amplitudes  were  near  the  upper 
limit  of  expectations  for  inversion  propagations  but  below 
likely  caustic  or  focus  eimplitudes.  Focus  factors  at  those 
i-wo  stations  were  about  2.SX  and  3.5X  above  the  Standard,  and 
entirely  reasonable  for  the  strong  propagations  indicated 
by  weather  data.  Both  points  fell  below  the  windcw-breaking 
threshold  but  with  no  significant  margin  of  safety.  Sotte 
windows  may  have  been  broken  under  these  conditions.  There 
should  not,  however,  have  been  any  hazard  from  flying  glass, 
because  the  breaks  would  net  likely  have  be  more  than  cracks, 
with  little  likelihood  of  even  falling  glas 

CONCLUSIONS 

The  Pioject  DICE  THROW  explosion  airblast  wave  could  have 
broken  windows  and  cracked  interior  wall  plaster  to  more  than 
100-kjn  ranges  under  weather  conditions  that  caused  refractive 
blast  focusing.  Weather  observations  showed  that  there  should 
have  been  relatively  strong  propagations  toward  the  southeast 
and  weak  propagations  toward  the  northwest.  Microbe ’■ograph 
recordings  verified  those  propagation  conditions  and  that  wave 
amplitudes  in  Tularosa  ar.d  Alamogordo  were  large  enough  to 
rattle  houses,  possibly  causing  some  damage.  No  audible  wav" 
was  propagated  in  the  opposite  direction  to  the  shorter  distance 
of  Socorro.  Weather  c'.servations,  blast  predictions,  and  off- 
site measurements  were  alt  perfor.tied  su  .ces  fully  by,  or  in 
-upport  of,  this  project. 
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AIRCRAFT  SHELTER  TESTS  IN  THE  DICE  THROW  EVENT 


INTRODUCTION 

In  the  early  1960  time  frame , an  Intensive  effort  began  within  the  Air 
Force  to  develop  l protective  arch  shelter  for  tactical  aircraft.  The  prime 
impetus  for  shelter  development  at  that  time  was  the  need  to  protect  parked 
aircraft  at  Southeast  Asia  (SEA)  Installations. 

Early  tests  sought  to  define  an  optimum  configuration  of  arch  structure 
and  protective  cover.  Later,  when  the  requirement  for  hardened  shelters  was 
defined  by  0 for  European  theater  airbases,  the  shelter  previously  designed 
and  deployed  In  SEA  was  adapted  for  construction  at  NATO  Installations  throughout 
Europe . 

The  Introduction  of  newer  and  larger  aircraft  such  as  the  F-111  and  F--15 
necessitated  modification  of  the  basic  48  foot  arch.  Therefore,  the  Second 
Generation  Shelter  was  developed  to  have  an  elliptical  shaped  82  foot  span. 

Later  a Third  Generation  Shelter  was  also  developed  from  the  basic  configura- 
tion and  has  a 71  foot  span.  It  should  be  noted  that  while  the  overall  shelter 
geometry  was  modified  to  provide  larger  span  arches,  the  wall  material  cross- 
section  was  not  changed  from  the  basic  18-lnch  thick  minimum  concrete  cover. 

Recognizing  the  llkllhood  of  future  requirements  to  upgrade  existing 
aircraft  shelters  to  defeat  a more  serious  conventional  weapons  threat,  the 
AfWL  Initiated  two  concurrent  research  efforts  during  FY74.  The  efforts  were 
for  conceptual  design  studies  directed  toward  developing  an  upgraded  closure 
system  ana  an  upgraded  arch  sidewall.  These  efforts  were  successfully  completed 
and  both  upgrades  were  tested  In  the  DICE  THROW  event  as  was  the  basic  40  foot 
arch  shelter. 
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During  this  same  time  frame,  the  Boeing  Corporation  developed  a completely 
new  aircraft  shelter  concept  under  their  IR&D  program.  AFVL  later  initiated  a 
contract  with  Boeing  for  the  design  and  test  plan  of  a 1/3  size  model  of  this 
new  concept.  This  model  was  later  tested  in  the  DICE  THROW  event. 

The  closest  of  the  four  models  to  be  tested  in  the  event  was  the  Hardened 
Flush  Aircraft  Shelter  (HFAC)  developed  by  the  Boeing  Corporation  (TBC) . The 
shelter  was  located  90  meters  from  ground  zero  (GZ),  with  an  expected  incident 
overpressure  level  of  approximately  265  psi. 

The  upgraded  shelter  arch  and  the  upgraded  closure  were  both  located  150 
meters  from  GZ  with  an  expected  incident  overpressure  of  approximately  65  psi. 

The  unupgraded  or  prototype  shelter  arch  was  located  180  meters  from  GZ 
with  an  expected  Incident  overpressure  of  approximately  35  psi. 

All  four  of  the  test  models  were  located  at  ranges  where  prellmitiary 
predictions  indicated  measurable  inelastic  response  of  the  shelters  would  occur 
due  to  the  airblast  loads.  Complete  failute  of  the  structures  was  not  expected 
or  desired. 

Shelter  B,  the  Unupgraded  arch  was  a modified  1/3  size  model  as  were  the 
other  three  aircraft  shelter  models.  Shelter  B was  10.4  m in  long  with  a 
5.4  m span.  The  standard  USAF  aircraft  shelter  cross-section,  consisting  of  a 
steel  corrugated  liner  with  a minimum  18  inch  concrete  cover  was  scaled  down 
by  1/3  and  the  steel  liner  was  simulated  with  the  use  of  a concrete  T-beam.  This 
was  done  on  all  three  of  the  arch  structures,  as  a cost  savings.  It  would  have 
been  extremely  costly  to  have  had  specially  fabricated  1/3  size  steel  corrugated 
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liners.  The  purpose  of  testing  this  model  wes  for  e direct  comparison  with 
the  upgraded  arch.  The  model  wis  also  tested  to  provide  correlation  between 
the  DICE  THROW  event  and  the  full  sice  standard  aircraft  shelter  tested  In  the 
MIXED  CtmPANY  event  (500  ton  TNT) . The  scale  models  tested  In  MIXED  COMPANY 
were  located  at  500  and  600  feet  from  ground  zero  slde-on  to  the  alrblast. 

Shelter  C,  the  Upgraded  Arch  was  slightly  longer  (11.7  a)  and  wider  (7.85  a) 
than  Shelter  B.  Shelter  C had  the  sane  basic  arch  cross'>sectlon  as  Shelter  B 
with  the  addition  of  a concrete  overlay.  The  overlay  was  not  bonded  to  the  basic 
arch.  The  model  overlay  was  .5  m (20  inches)  at  the  crown  and  flared  to  1.2  e 
(4  ft)  at  the  foundation.  This  would  scale  up  to  1.5  m (60  Inches)  at  the 
crcwn  and  3.6  m (12  ft)  at  the  foundation  of  a full  size  shelter.  The  upgrade 
was  the  result  of  prior  conceptual  studies,  design,  and  testing.  Much  of  this 
work  was  accomplished  through  AFVn./DE  and  the  Naval  Weapons  Center  at  China 
Lake,  California.  The  goal  of  the  upgrade  was  Increased  to  survivability  of 
the  shelter  to  conventional  weapons,  while  recognizing  that  any  significant 
upgrade.  If  properly  designed  could  also  enhance  the  blast  resistance  of  the 
structure  to  a tactical  nuclear  environment.  Several  upgrade  techniques  were 
developed;  the  concrete  overlay  upgrade  was  chosen  for  testing  in  DICE  THROW 
because  It  seemed  the  most  viable  upgrade  concept  considering  available  land 
area  and  economic  conditions  in  Europe. 

F/Oth  Shelters  B and  C were  placed  slde-on  to  the  blast  as  the  worst  case 
condition  and  for  direct  comparison  with  each  other,  as  well  as  with  the  shelters 
tested  In  MIXED  COMPANY. 
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The  actual  incident  airblast  pressure  received  by  Shelters  B and  C were 
very  close  to  the  predicted  Incident  cvei  pressures  of  35  psi  and  65  psi  incident. 
The  peak  reflected  pressure  on  the  CZ  side  of  Shelter  B was  approximately  220 
pel,  while  the  corresponding  pressure  for  Shelter  C which  was  at  a much  higher 
Incident  overpressure  was  only  290  psi.  Thii  illustrates  the  upgraded  shelter 
is  obviously  more  aerodynamically  shaped  than  the  unui'graded  shelter. 

The  peak  horizontal  displacements,  derived  by  integrating  velocity  gages 
were  in  general  much  higher  for  Shelter  B,  than  Shelter  C.  The  horizontal 
displacement  of  the  crown  of  Shelter  B was  approximately  170  mm  away  from  G‘Z. 

The  horizontal  displacement  of  th'^  crown  of  Shelter  C was  only  about  65  un 
away  from  GZ.  Shelter  C appeared  tr  be  much  stiffer  than  Shelter  B from  the 
displacement  data. 

These  same  trends  were  also  noted  when  comparing  the  strain  of  the  two 
arches.  In  general  the  strains  in  Shelter  C remained  below  the  elastic  limit, 
while  those  in  Shelter  B normally  exceeded  the  elastic  strength  of  the  reinforced 
concrete. 

Post-test  observations  of  Shelter  C showed  it  to  have  only  minor  dtmage. 
Hlnor  cracks  were  noted  on  the  leeward  exterior  surface  of  the  arch.  Minor 
tensile  cracks  were  also  noted  on  the  Interior  arch  surface  at  the  45  degree 
point  on  the  windward  side  of  the  arch.  These  cracks  were  at  most  1-2  mm  wide 
running  longitudinal  with  the  arch. 

Post-test  observations  of  Shelter  B indicated  considerable  inelastic 
response  occurred  with  resulting  large  extensive  cracking  and  spalling.  The 
most  severely  damaged  portion  ot  the  arch  was  the  stiffener  collar,  on  which  the 


sh«lc«r  door  is  norauilly  scCachcd.  This  collar,  or  ring  insid*  Che  arch  aakas 
tha  arch  such  lass  flaxibla  at  this  location.  Savara  cracking  occurrad  on  the 
collar  with  soae  of  the  crack  being  over  75  ssi  wida.  Large  spalls  were 
noticeable,  revealing  the  reinforcesMnt  and  several  large  places  of  the  concrete 
collar  had  become  conpletely  separated  and  had  fallen.  Severe  longitudinal 
cracking  at  the  45  degree  point  on  windward  side  of  the  arch  was  evident. 

Severe  cracking  and  distress  was  also  evident  on  the  exterior  of  the  arch.  The 
rear  wall  of  the  shelter  was  partially  separated  from  the  arch.  Severe  longitudinal 
cracking  was  noticeable  on  the  leeward  side  of  the  arch  at  approxiaately  the  45 
degree  point.  An  extremely  large  circuaiferential  crack  was  observed  iaswdiately 
in  front  of  the  stiffener  collar.  A 8ome%dtat  ssuiiler  crack  was  also  noticeable 
imaadiataly  behind  tha  collar.  It  appeared  that  the  middle  of  the  arch  between 
the  end  wall  and  the  stiffener  had  deformed  relatively  iwre  chan  the  remainder 
of  the  arch.  This  again  would  indicate  that  the  area  of  the  arch  adjacent  to  the 
collar  was  much  less  flexible  than  the  remaining  arch. 

Shelter  A.  consisted  of  a shortened  1/3  size  standard  (48  ft  span)  aircraft 
shelter  arch  supporting  the  newly  developed  hi-threat  closure  system.  Prior 
aircraft  shelter  studies  and  tests  (MIXi  0 COMPANY)  have  shown  the  present 
closure  to  be  much  less  capable  of  protecting  sheltered  aircraft  than  the  arch 
wall.  The  closure  tested  in  this  event  was  developed  as  a result  of  these  earlier 
efforts.  It  was  designed  to  afford  the  same  protection  level  to  sheltered 
aircraft  as  the  arch  wall. 

The  closure  consists  of  a massive  one-piece  reinforced  concrete  slab  with 
reinforcing  webs  along  the  outei  edge  and  at  the  center  line.  The  closure  is 
designed  to  roll  on  roller  units  located  in  a foundation  trench  across  the 
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face  of  the  arch.  The  closure  nodel  tested  in  this  event  weighed  approxlnately 
IS  tons.  This  would  scale  up  to  37S  tons  for  a full  size  closure. 

The  closure  was  located  face  on  to  the  airblast  at  a range  of  approximately 
65  psl  (.5  HPa)  incident  overpressure.  The  maximum  peak  reflected  pressure  on 
the  face  of  the  closure  occurred  on  a panel  near  the  bottom  rib  of  the  closure. 
This  peak  pressure  w<s  approximately  520  psl  (3.5  HPa). 

An  acceleration  gage  at  approximately  mid-height  on  the  back  of  the  closure 
registered  peak  accelerations  of  approximately  240  g's.  Other  integrated 
accelerators  and  velocity  gages  recorded  peak  longitudinal  displacements  of  the 
closure  into  the  arch  wall  of  about  250-300  oa. 

Post-test  observation  of  closure  indicated  its  general  response  was  to  move 
upward  with  the  top  o.  closure  moving  towards  the  shelter  arch  and  the  bottom  of 
the  closure  moving  away  from  the  arch  and  coming  to  rest  on  the  top  of  the 
foundation  slot.  Some  permanent  inelastic  deformation  was  also  noted  in  the 
center  rib  and  panels  of  the  closure.  Some  shear  failure  was  also  observed  in 
the  closure  panels.  It  also  appeared  that  the  front  of  the  arch  wall  may  have 
lifted  and  pulled  out  of  the  foundation  key. 

The  inelastic  response  of  the  closure  did  not  appear  to  be  sufficient  to 
have  prevented  post-test  opening.  However,  sufficient  rigid-body  displacement 
of  the  closure  did  occur  to  prevent  it  from  being  opened  after  tie  test.  No 
attempt  v^as  made  to  move  the  closure  back  into  the  foundation  slot  and  open  it 
post-test . 

The  Hardened  Flush  Aircraft  (HFAC)  Shelter  concept  was  originally  developed 
by  the  Boeing  Company  (TBC)  under  their  IR&D  program.  AFWL  later  accepted  the 
concept  as  having  strong  potential  as  an  advanced  aircraft  shelter. 
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The  Boeing  HFAC  shticer  is  a coi^mcC  building  design  which  eolvsa  chs 
problm  cf  aircraft  access  by  cha  use  of  a roof  elevation  systen  and  an  aircraft 
elevation  systen  allowing  vertical  access  for  the  aircraft.  This  vertical 
accass  technique  allows  vertical  colunns  to  be  placed  such  that  the  24  a (80  ft) 
roof  span  Is  broken  up  Into  three  8 ■ (26  ft)  er  ab.  Consequently,  a flat 
plate  roof  design  is  possible. 

The  HFAC  shelter  was  designed  for  a coaposlce  aircraft  and  can  provide  shelter 
for  the  following  aircraft:  F-4,  F-15,  F-16,  F-101,  F-105  and  the  F-111. 

The  shelter  also  provides  space  for  equlpncnt  roons  and  personnel  living  areas. 

A 1/3  size  model  of  this  systen  without  the  aircraft  parking  platfom  or 
the  two  elevator  systens  was  tested  In  the  DICE  THROW  event.  The  aK>del  was 
placed  90  n from  GZ.  with  an  expected  incident  overpressure  of  265  psl. 

As  Shelter  D was  flush  with  the  ground  there  was  no  reflected  pressures.  The 
Incident  overpressure  on  the  structure  varied  from  270  psl  on  the  GZ  side  to 
250  psl  on  the  other  side. 

The  notion  of  the  novable  roof  of  the  shelter  was  Initially  downwards 
followed  by  an  upward  rebound.  As  expected  the  laotlons  becaioe  more  severe  as 
one  moved  further  from  the  vertical  columns. 

The  flexure  caused  by  this  movement  of  the  roof  wes  responsiblt  for  some 
cracks  on  the  surface  of  the  roof.  These  cracks  ran  perpendicular  to  the  blast 
and  were  approximately  2.5  ra  in  length  and  as  wide  as  10-15  mm. 

Post-test  visual  ol  nervation  of  this  test  model  indicated  it  sustained 
only  very  minor  damage.  Damage  inside  the  slielter  was  limited  to  minor  ci-acks 
and  one  large  spall  on  the  fixed  cantilever  roof.  A large  steel  frame  placed 
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in  the  shelter  to  support  hydraulic  Jacks  for  lifting  the  movable  roof  was 
diaplaccd  on  6 ■■  by  the  shock.  The  pre>  and  post-test  lifting  of  the  roof 
required  approximately  the  sasm  force.  There  were  also  some  external  diagonal 
cracks  at  the  top  corners  of  the  walls  towards  GZ. 

In  simaary,  the  aircraft  shelter  experiswiits  in  the  DICE  HIROV  event  were 
very  successful.  A data  recovery  rate  of  86Z  was  obtained  fron  the  approxiaately 
300  data  channels  which  were  installed  and  recorded  by  AFUL  personnel.  The  test 
results  validated  the  upgraded  arch  and  closure  concepts  and  these  will  be  kept 
ready  should  the  requlreswnt  to  upgrade  existing  shelters  ever  develop.  The 
HFAC  shelter's  potential  as  an  advanced  shelter  to  protect  agelnst  much  higher 
threat  levels  was  demonstrated. 

This  has  only  been  a very  preliminary  assessment  of  the  test  results. 

One  contract  is  underway  and  two  other  contracts  are  in  the  process  of  being 
negotiated  for  a detailed  analysis  of  the  test  results. 
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by 
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Civil  Engineerittg  Reaearch  Facility 


ABSTRACT 


The  Swedish  Government,  represented  by  the  Royal  Fortification  Administration 
(RFA),  fielded  an  experiment  In  the  DICE  THROW  Project.  The  RFA  experiment  con- 
sisted of  erecting  and  exposing  two  Group  Helmet  Arti\y  personnel  shelters  to  over- 
pressures of  690  and  380  kPa.  The  University  of  New  Mexico’s  Civil  Engineering 
Research  Facility  (CERF)  was  responsible  for  construction.  Instrumentation,  moni- 
toring, and  reporting  of  the  experiment.  The  purpose  of  the  experiment  was  to 
verify  the  shelter  survivability  design  overpressure  in  order  to  establish  a 
standard  personnel  shelter  design.  Each  shelter  was  instrumented  with  six  pres- 
sure gages:  five  Inside  the  shelter  and  one  external  to  the  shelter.  Both  shel- 
ters survived  the  blast  environment  with  a relatively  small  amount  of  damage. 
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SECTION  1 
INTRODUCTION 


The  Swedish  Government,  represenci>d  by  the  Roya'  Fortification  AAnlni  strati  on 
(RFA),  fielded  an  experiment  in  the  DICE  THROW  Project,  a 600- ton,  high-explosive 
test  conducted  at  the  White  Sands  Missile  Range  in  New  Mexico  on  October  6,  1976. 

The  RFA  experiment  consisted  of  erecting  and  exposing  two  Group  Helmet  Army  per- 
sonnel shelters  to  overpressures  of  690  and  380  kPa.  The  Defense  Nuclear  Agency's 
Field  Connand  supported  tlie  experiment  and  the  University  of  New  »*ex1co's  Civil 
Engineering  Research  Facility  (CERF)  war  responsible  for  construction.  Instrumen- 
tation, monitoring,  and  reporting  of  the  experiment. 

The  purpose  of  the  Swedish  experiment  In  Project  DICE  THROW  was  to  verify  the  shel- 
ter survivability  design  overpressure  (380  kPa)  In  order  to  establish  a standard  per- 
sonnel shelter  design. 
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SECTION  2 

EXPERIMENTAL  PROGRAM 


The  two  test  shelters  were  shipped  directly  to  the  White  Sands  Missile  Ran<3e  frori 
Sweden.  Appendix  A contains  the  packing  and  assembly  instructions  for  the  shelters. 
After  the  necessary  excavation  was  accomplished,  the  shelters  were  assembled  accord- 
ing to  these  Instructions  by  four  experimental  technicians.  A backhoe  and  front-end 
loader  were  used  for  the  excavation  and  backfilling.  Figure  1 shows  the  layout  with 
respect  to  ground  zero.  Figure  2 shows  various  stages  of  the  shelter  erection. 

Instrumentation  consisted  of  six  Kullte  HKS  and  XTS  type  diffused  silicon,  full- 
t'riJge,  piezoreslstive  pressure  gages  for  each  shelter.  Figure  3 shows  the  location 
of  these  gages.  The  external  gages  (gage  6)  were  located  on  the  longitudinal  axis 
of  the  shelter  at  the  foot  of  the  backfill.  Gages  1,  4,  and  6 were  mounted  in  con- 
crete cylinders,  305  nri  in  diameter  and  305  mm  in  height.  Gages  2 and  3 were  placed 
on  the  simulated  dummy  shown  in  figure  3.  The  dummy  was  constructed  with  plywood 
sides  and  filled  with  sand  to  obtain  the  proper  weight.  Gage  5 was  placed  on  the 
lower  girder  at  the  back  of  the  shelter.  Figure  4 shows  the  inside  of  one  shelter 
prior  to  the  test;  figure  5 shows  the  pretest  shelter  berms. 

The  gages  were  connected  to  a steel  junction  box  located  approximately  300  m from 
the  shelters  with  4-conductor  lead  wire  buried  1.2  m deep.  The  junction  box  was 
connected  to  the  recording  van  by  20-pair  cables.  The  recording  van  was  approxi- 
mately 1800  m from  the  junction  box. 

The  recording  van  used  for  data  acquisition  was  supplied  by  DNA  (Van  No.  36040). 

In  the  van,  the  bridge-type  pressure  gages  were  excited  and  conditioned  by  BSF  1-  • 
171  Signal  Conditioners.  The  conditioned  signals  were  amplified  with  Bay  Labs 
5503  Amplifiers  (dc  - 50  kHz)  Recording  was  accomplished  on  Sangamo  Type  4784 
32-Track  Tape  Decks.  Wideband  FH  recording  (108  kHz  center  with  ± 40  percent  de- 
viation) was  used. 

Preplacement  gage  calibration  was  acv-uaplished  at  CERF  with  stimul  i pravided  by  a 
dead  weight  tester  or  regulated  baffles  with  calibrated  Heise  gages.  Simple  shunt 
calibration  resis'  '’s  were  selected  in  the  field  to  provide  step  bridge  upsets  with 
known  pressure  equivalents. 
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Figure  'i.  Layout  f»,r  Swedish  Experiment 


Figure  2.  Shelter  Erection  C or 
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Figure  3.  Location  of  Pressure  Gages 


9 


In  addition  to  data,  IRIG-B  time  code  and  fiducial  signals  were  recorded  on  each 
tape  deck.  During  the  event,  the  van  was  operated  remotely  from  the  timing  and 
firing  van. 

After  the  event,  quick-look  data  were  played  back  on  0-graph  paper.  Final  copy 
data  were  prepared  at  the  Air  Force  Weapons  Laboratory  data-reductlon  facility, 

A sampling  rate  of  20,000  points  per  second  and  a filter  frequency  of  5 kHz  were 
used  In  digitizing  the  analog  data.  Each  channel  was  scaled  In  engineering  units 
and  plotted  against  time. 


SECTION  3 
TEST  RESULTS 


The  pressure  gage  data  are  presented  In  Appendix  B;  posttest  photographs  are  pre- 
sented in  Appendix  C. 

Both  shelters  survived  the  blast.  The  690-kPa  shelter  suffered  more  damage  as  evi- 
denced by  the  larger  deformation  and  the  greater  displacement  of  the  footing  mem- 
bers. Also,  some  of  the  Intake  pipe  was  knocked  down  during  the  blast.  A compar- 
ison of  the  two  sets  of  posttest  photographs  shows  the  relative  damage  to  the  two 
structures. 
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APPENDIX  A 

PACKING  AND  ASSBIBLY  INSTRUCTIONS 
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APPENDIX  B 


PRESSURE  DATA 
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APPENDIX  C 
SHELTER  DAMAGE 
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Shelter  Back:  380  kPa 


Shelter  Front:  380  kPa 
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Shelter  Damage:  690  kPa 
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PROJECT  C-4  FREE- FLIGHT  MEASUREMENT  OF  THE  DRAG  FORCES  ON  CYLINDERS 

- EVENT  DICE  Tit^W 


A.W.M.  Gibb  and  D.A.  Hill 
Cet'ence  Research  Establishment  Suffleld 
Ralston*  Alberta,  Canada 

ABSTRACT 

Results  are  presented  from  a Canadian  experiment  to  measure  aerodynamic  drag  on 
circular  cylinders  under  unsteady  flow  conditions  In  a long  duration  free-fleld  blast  wave. 
These  results  provided  drag  loading  Information  required  for  analysis  of  the  structural 
response  tests  on  Canadian  Navy  masts  and  antennae  reported  herein.  Seven  cyl  inders,  dis- 
tributed at  nominal  20.  1C,  and  7 psi  peak  overpressure  locations  and  spanning  three 
different  diameters  (3.S,  9.5,  and  18  inches)  were  studied.  The  18-Inch  diameter  cylinder 
at  20  psi  with  48-Inch  diameter  end  plates  was  partially  destroyed  by  a sidewise  blast 
pressure  anomaly  travelling  from  east  to  west.  No  useful  data  were  obtained  for  this 
cylinder,  but  the  remaining  six  cylinders  yielded  valid  data.  A free-flight  method, 
developed  In  earl  lei"  trials  (Prairie  Flat,  Dial  Pack,  Mixed  Company)  was  employed  to 
measure  time-dependent  drag  pressures.  For  every  cylinder,  one  velocity  transducer  was 
attached  to  each  end  of  the  central  sht^t  to  record  cylinder  velocitv  vs  time,  while  a 
high-speed  camera  recoroed  displacement  vs  time.  Cylinder  acceleration,  and  hence  drag 
pressure,  was  obtained  from  the  slope  and  curvature,  respectively,  of  these  curves. 
Generally  good  agreement  was  obtained  between  results  derived  from  camera  and  transducer 
data.  Dynamic  pressure  (needed  to  extract  drag  coefficients)  was  calculated,  assuming  a 
Friedlander-type  overpressure  decay,  from  ground-level  gauge  measurements  of  overpressure- 
time histories  at  the  20,  10,  and  7 psi  peak  overpressure  locations.  Seme  cylinders  were 
fitted  with  extended  end  plates  to  reduce  end  effects.  Comparison  of  results  for  cylinders 
with  and  without  extended  end  plates  indicated  the  presence  of  substantial  end  effects  at 
critical  and  supercritical  Reynolds  numbers.  Dust  samples  were  collected  at  each  cylinder 
location  on  vertical  aluminium  channels  filled  with  grease.  These  samples,  combined  with 
camera  records,  suggest  that  dust  loading  was  insignificant  at  the  initial  cylinder 
positions  5 or  6 feet  above  ground.  Measured  drag  coefficients  for*  Mach  number  <0.4  were 
in  agreeiiierit  with  steady-state  values  for  Reynolds  numbers  in  the  range  (4-30))'.i05,  but 
were  lower  than  steady-state  values  in  the  range  (30-40)xlC®. 
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1.  INTRODUCTION 


One  of  the  Cmadlan  projects  in  Event  Dice  Throw  was  the  measurement  of  aerodynamic 
drag  on  right  circular  cylinders,  using  the  free-flight  method.  The  purpose  of  the  project 
was  to  provide  blast  loading  Information  for  the  lattice  mast^,  polemast^,  and  whip 
antennae^,  witich  underwent  structural  response  testing  during  this  trial.  This  project  was 
a continuation  of  research  begun  In  Operation  Prairie  Flat  and  continued  In  Events  Dial 
Pack^*®  and  Mixed  Company^. 

Seven  cylinders  of  circular  cross-section  were  employed.  Their  basic  properties 
are  sunrarlzed  In  Table  1.  Two  of  the  diameters  employed,  3.5  Inches  and  9.5  Inches-  were 
chosen  because  they  correspond  closely  to  the  diameters  of  the  main  structural  members  of 
the  related  structures  (3.5  Inches  - whip  antenna  and  lattice  mast;  9.5  Inches  - polemast). 
The  third  dlanv'terj  18  Inches,  was  included  to  support  future  mast  designs.  The  cylinders 
were  located  at  the  sarr«i  peak  overpressure  levels  as  their  related  structures  (3.5-1nch 
diameter  at  10  psi,  9.‘o-1nch  diameter  at  7 psi).  An  additional  3.5-1nch  diameter  cylinder 
was  located  at  20  ps1  peak  overpressure.  The  major  unresolved  problem  chosen  for  study  In 
this  test  was  the  influence  of  end  effects  on  the  measured  d'^ag  coefficient.  With  this 
goal  In  mind,  the  cylinders  of  a given  diameter  were  grouped  In  pairs.  In  each  pair,  one 
cylinder  had  end  plates  with  the  same  diameter  as  the  cylinder  diameter;  the  second 
cylinder  had  end  plates  with  a diameter  which  was  3 times  the  cylinder  diameter.  The 
purpose  of  the  extended  end  plates  was  to  eliminate  end  effects  by  cutting  off  the  air  flow 
over  the  ends  of  the  cylinder. 

The  methods  of  data  recording  were  the  same  as  those  developed  and  used  In  previous 
trials  employing  the  free-fllght  method.  Velocity  transducers  \ftre  used  on  all  test 
cylinders  to  record  cylinder  velocity  as  a function  of  time.  In  addition,  a high-speed 
camera,  operating  at  approximately  1000  frames/ second,  was  stationed  at  each  cylinder 
location  to  record  cylinder  displacement  as  a function  of  time.  The  slope  of  the 
velocity-time  curve,  and  the  curvature  of  the  displacement -time  curve  provided  independent 
measurements  of  cylinder  acceleration,  and  hence  drag  force,  as  a function  of  time.  The 
camera  records  also  provided  secondary  Information  on  possible  complicating  factors  such 
as  cylinder  rotation  and  the  presence  of  solids  (both  fine  dust  or  massive  particles)  In 
the  blast  wave. 

All  of  the  measurements  reported  herein  refer  to  the  drag  phase  of  loading  on  the 
cylinder.  No  measurements  of  loading  during  the  Initial  shock  diffraction  phase  are 
reported. 
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2.  APPARATUS 


2.1  TEST  CYLINDERS  AND  HOUHTS 

Figure  1 Indicates  the  relative  position  of  each  cylinder  with  respact  tc  Ground 

Zero. 

A typical  test  set-up  Is  shown  In  Figure  2. 

At  each  location,  support  for  the  cylinders  wes  provided  by  two  vertical 
rectangular  plates,  made  of  0. 25-Inch  steel  with  their  bottom  edges  fastened  firmly  to  a 
concrete  base.  Additional  rigidity  for  these  plates  was  provided  by  triangular  support  In 
the  form  of  two  one-inch  dlatneter  steel  bars  welded  to  the  outside  of  the  support  plates  at 
an  angle  of  30  degrees  approximately  5 feet  above  ground  level.  The  lower  ends  of  these 
bars  were  set  Into  the  concrete  base. 

The  construction  of  a typical  cylinder  Is  Illustrated  In  Figure  3.  Each  was  a 
right  circular  cylinder  with  a solid  centre  shaft  of  0.75  or  1.0-Inch  diameter  which 
extended  14  Inches  beyond  the  ends  of  the  cylinder.  Flats  were  cut  In  the  shaft  nine 
Inches  from  each  end  of  the  cylinder,  and  the  cylinder  was  suspended  between  the  suoport 
stand  with  the  flats  resting  on  the  tops  of  the  support  plates.  The  purpose  of  the  flats 
was  to  prevent  the  cylinders  from  rolling  off  of  the  supports  under  the  nfluence  of  small 
gusts  of  wind  prior  to  the  shot.  The  coefficient  of  sliding  friction  between  support  plate 
and  cylinder  shaft  was  m1n1ml2ed  by  application  of  silicone  grease  tn  the  top  of  the 
support  plate. 

2.2  VELOCITY  TRANSDUCERS 

The  velocity  t**ansducers  for  measuring  cylinder  velocity  directly  as  a function  of 
time  consisted  of  seven  pairs  of  Hewlett-Packard  Sanborn  7LV9  transducers.  On  a given 
cylinder,  two  transducers  were  used,  one  coupled  by  a mechanical  linkage  to  each  end  of  the 
cylinder  shaft.  The  transducer  signals  were  recorded  separately,  on  a tape  recorder  with 
nominal  4 KHz  recording  bandwidth.  This  provided  two  Independent  measurements  of  velocity 
for  each  cylinder.  A close-up  view  prior  to  the  shot  showing  the  transducer  coll  In  its 
gimbal  mount,  and  the  mechanical  linkage  which  couples  the  magnet  inside  the  coil  to 
the  end  of  the  cylinder  shaft.  Is  presented  in  Figure  4. 

The  Sanborn  7LV9  transducers  used  In  this  trial  had  two  working  lengths  (each  9 
Inches).  The  overall  recording  length  of  approximately  20  Inches  was  sufficient  to  permit 
between  60  and  290  milliseconds  of  cylinder  motion  to  be  recorded. 

The  transducers  were  calibrated  by  an  el ectror, mechanical  method  which  employed  a 
Kistler  standard  accelerometer'  and  shake  table.  The  calibration  error  was  estiwiated  to  be 
t3<.  In  addition,  careful  Inspection  of  transducer  traces  indicated  possible  variations  of 
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±21  In  the  uniformity  of  response  over  any  working  length.  An  ower.ll  uncertainty  of  *5% 

In  the  velocity  calibration  was  assumed  when  analyzing  the  data. 

2.3  CAPRAS 

Photosonic  framing  cameras,  operating  at  nominal  speeds  of  1000  t'rames/second  were 
set  on  camera  posts  at  each  cylinder  location  to  record  displacement  of  the  cylinders  as  a 
function  of  time.  A camera  set  on  Its  mounting  post  can  be  seen  In  Figure  5.  Relevant 
Information  on  the  cameras  and  their  locations  Is  given  In  Table  2. 

The  cameras  provided  internal  timing  mcrks  which  were  project-  onto  the  film  at  10 
millisecond  intervals  to  permit  the  framing  rate  to  be  established  and  the  constancy  of  the 
framing  rate  over  the  recording  Interval  to  be  checked.  The  timing  mark  generators 
functioned  on  all  cameras.  To  signal  the  time  of  arrival  of  the  shock  front  In  the  film 
frame,  a red  ribbon  was  glued  to  the  back  edge  of  the  support  plate.  Horizontal  distance 
calibration  was  provided  by  a photomarker  plate  with  a 12-Inch  scale  marked  off  In  Inches. 
Both  of  these  aids  can  be  seen  clearly  In  Figure  4. 

Approximately  one  week  before  shot  day.  Test  Coimand  moved  the  shot  time  forward 
from  1300  hours  to  0800  hours.  This  change  provided  potentially  serious  problems  for  the 
caaera  recording  system.  The  position  of  the  sun  at  0800  hours  was  such  that 
It  came  close  to  shining  directly  Into  the  camera  lenses.  The  cylinder  ends  to  be  photo- 
graphed were  In  shadow,  and  the  high  background  light  level  caused  extremely  poor  image 
contrast.  Hastily-constructed  aluminium  foil  j-eflector  panels,  bolted  to  each  camera  post 
(Fly,  5),  provided  sufficient  reflected  light  to  permit  pictures  of  acceptable  contrast  to 
be  recorded  at  shot  tliiw  by  ell  cameras.  However,  a slightly  denser  cloud  cover  at  shot 
tin*  could  have  ruined  the  camera  experiment  entirely. 

2.4  DUST  COLLECTORS 

Since  It  was  known  that  dust  entrained  In  the  blast  wave  could  significantly  alter 
t le  measured  drag  pressure.  It  was  felt  to  be  Important  tc  obtain  some  Indication  of  the 
contribution  of  dust  loading.  A series  of  simple  dust  collectors  consisting  of  6-foot  high 
vertical  aluminium  channels  filled  with  grease  were  located  at  strategic  points  on  the 
layout  (Fig.  6).  The  results  of  this  experiment  are  the  subject  of  a separate  report.® 

The  ground  surrounding  the  Canadian  projects  was  treated  with  a sprayed-on  plastic 
coating  approximately  l/8-1nch  thick.  Camera  records  and  dust  collectors  confirmed  that 
the  coating  was  highly  effective  in  suppressing  dust.  The  extent  of  the  treated  ground  can 
b®  clearly  seen  In  Figure  7. 
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3.  MTA  ANAIYSIC 


3.1  6EMERAI 

The  goal  of  the  analysis  wa^  to  obtein  the  aero<1ynaiBlc  drag  coefficient  as  a 
function  of  tlM>,  CpCt).  Cq  Is  defined  by  the  equation^ > 

Po(t)  - CpU)  q(t)  (1) 

where  Is  drag  pressure 

Cq  Is  drag  coefficient 
q Is  ctynaalc  pressure 

and  the  tlae-dependence  of  each  quantity  Is  noted  explicitly. 

The  ve1oc1ty>tlMe  dataiv(t}.  and  dlsplaceatent-tlne  data.  x(t),  were  fit  by  power 
series  In  tlwe.  as  described  In  Sections  3.2  and  3.3. 

Drag  pressure  Is  related  to  the  slope  of  v(t)  and  curvature  of  x(t},  through  the 
relations 

^ . .(t!.  . .(,)  (2) 

« dt2 

and  pQ(t)  - !*(t)  i'-) 

where  x Is  cylinder  dlsplaceaent 
V Is  cylinder  velocity 
a Is  cylinder  acceleration 
m Is  cylinder  mass 
A Is  frontal  area  of  cylinder 

t Is  elasped  time  after  arrival  of  shock  frotit  at  cylinder. 

For  the  purposes  of  this  experiment,  dynamic  pressure.  q(t}.  was  replaced  In 
Equation  (1)  by  the  closely-related  quantity  Impact  pressure.  qj(t}.  In  an  attempt,  to 
reduce  the  dependence  of  CqCc}  on  Mach  number.  The  derivation  of  qj(t)  from  measurid 
free-fleld  overpressure-time  histories,  and  the  reason  for  reclacing  q(t)  with  qj(t),  are 
elaborated  In  Sections  3.4  and  j.S. 

3.2  VELOCITY  TPAWSDUCER  DATA 

3.2.1  Conversion  from  Analog  to  Digital  Velocity-Time  Signal.  The  analog  signals 
recorded  on  magnetic  tape  during  the  trial  were  digitized  after  the  trial  at  a digitizing 
rate  of  16  KHz  using  an  analog-to-digital  converter.  A previously-determined  calibration 
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factor  was  applied  to  each  volf'.ge-time  record  to  convert  it  to  a velocity-time  record. 

After  establishing  by  visual  inspection  that  digital  smoothing  of  the  transducer 
signals  would  not  suppress  any  significant  features  in  the  data,  a smoothing  was  performed 
by  averaging  each  consecutive  interval  of  8 points.  At  the  tine  that  the  curve  fitting  was 
performed,  the  interval  between  data  points  was  0.5  msec. 

The  characteristic  transducer  response  time  (approximately  2 msec)  was  not  fast 
enough  to  follow  the  abrupt  change  in  velocity  occurring  during  the  initial  diffraction 
phase  of  shock  loading  on  the  cylinder,  which  lasts  for  about  1 millisecond.  There  was, 
therefore,  little  point  to  analyzing  velocity-time  data  during  the  initial  recovery  time  of 
the  transducer.  For  this  reason,  only  data  irom  3 msec  onward  were  retained  for  analysis. 

3.2.2  Philosophy  of  Curve-Fitting.  A power  series  in  time  was  chosen  to  fit  the 
velocity- time  data,  for  three  reasons: 


(1)  Such  a series  provides  a simple  analytic  expression  for  acceleration  as  a function 
of  time,  and  it  is  the  latter  which  is  required  to  obtain  drag  pressure  vs  time. 

(2)  A power  series  in  time  is  linear  in  the  fitting  parameters.  This  fact  permits  a 
linear  least  squares  criterion  to  be  used  to  determine  the  best-fit  function.  The  theory 
of  linear  least  squares  fitting  provides  a straightforward  prescription  for  the  uncertain- 
ties in  the  fitting  parameters,  as  well  as  for  uncertainties  in  function'  linear  in  these 
parameters.  This  fact  permits  one  to  derive  the  uncertainty  in  d ig  pressure  in  terms  of 
the  uncertainties  in  itse  original  velocity-time  data. 

(3)  Available  evidence  on  the  expected  shape  of  Cjj(t),  and  on  the  known  shape  of  qj(t) 
(impact  pressure)  suggests  that,  for  the  Mach  and  Reynolds  number  ranges  studied  in  this 
experiment,  the  variation  of  Pp(t)  is  sufficiently  smooth  to  be  well  described  by  a low- 
order  power  series  in  time. 

Before  a fiUed  function  was  accepted  as  an  accurate  description  of  the  variation  of 
c’“ag  pressure  with  time,  three  conditions  had  to  be  satisfied: 

(1)  Reasonable  limits  on  uncertainty  in  acceleration  (low  order  fjower  series), 

(2)  Stable  first  deri''ative, 

(3)  Correct  physical  behaviour  at  early  times  (when  dynamic  pressure  is  large  and  decays 
rapidly)  and  at  later  times  (when  drag  pressure  is  decaying  to  zero  asymptotically). 


If  the  fitting  functions  failed  to  meet  all  of  these  criteria  for  a particular  data 
set,  then  all  high-order  fits  were  rejected  as  unsuitable  and  a linear  fit  to  drag  pressure 
(quadratic  fit  to  velocity  data,  cubic  fit  to  displacement  data)  was  chosen.  The  linear 
function  correctly  describes  the  trend  in  pressure  in  that  it  decreases  with  time,  but  is 
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physically  unrealistic  to  the  extent  that  it  lacks  curvature.  It  should  be  considered  as  a 
coarse  averaging  function  which  contains  no  information  on  the  detailed  shape  of  drag 
pressure  as  a function  of  time.  For  this  reason*  in  comparing  linear  and  higher-order  fits 
to  drag  pressure*  only  averages  over*  say,  25  msec  intervals  should  be  used. 

3.2.3  Effect  of  Non-Random  Fluctuations  in  Velocity-Time  Data.  As  was  the  case  in 
all  previous  trials*  non-random  fluctuations  were  evident  in  all  transducer  signals. 

These  can  be  subdivided  into  two  categories: 

- pure(damped)  sinusoidal  oscillations 

- irregular  fluctuations. 

Pure  siiiusoidal  oscillations:  Large  single-frequency  oscillations  were 
observed  in  the  velocity-time  spectra  from  transducers  attached  to  Cylinders*  3*  4,  and  5. 
By  inspection  of  the  corresponding  canura  records,  it  was  established  that  they  were 
oscillations  of  the  solid  centre  shaft  of  the  cylinder  to  which  the  transducers  were 
attached.  An  attempt  was  made  to  remove  this  single-frequency  component  using  Fourier 
analysis.  Due  to  the  short  length  of  the  v(t)  spectrum,  the  presence  of  gaps  at  the 
beginning  and  in  the  middle  of  the  spectrum,  and  the  fact  that  the  oscillation  was  damped* 
it  proved  impossible  to  apply  a sufficiently  precise  frequency  filter  which  wouic,  remove 
the  oscillatory  component  without  simultaneously  distorting  the  shape  of  the  velocity-tine 
t/uce. 

The  next  approach  employed  was  an  attempt  to  fit  the  velocity-time  spectrum  with  a 
function  of  the  form: 

v(t)  - V (t)  + V (t)  (4) 

1 2 


where 


-ast 

Vj(t)  = aj  + ,t  + Ogt^;  VjCt)  = a^e  sin(2Tragt  + a^)  • (5) 

This  function* which  includes  an  explicit  damped  sinusoidal  term,  contained  seven  fitting 

parameters  (aj a?).  A least  squares  best-fit  criterion  was  adopted,  and  the  best-fit 

function  was  found  by  a parameter  search  method.  It  was  useful  to  compare  the  best-fit 
coefficients  aj,  82,  a3  obtained  using  this  function  with  the  best-fit  coefficients 
obtained  by  a linear  least  squares  procedure  using  a second  order  power  series  only.  The 
results  indicate  that*  at  least  for  a second  order  polynomial  fit  to  velocity,  the  two 
methods  give  similar  answers  for  the  polynomial  describing  the  velocity-time  curve.  The 
parameter  ssarch  method  could'not  be  extended  to  vx  functions  containing  powers  of  t 
higher  than  two  because  of  the  inordinate  demands  on  computer  time. 
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The  results  for  second  order  lend  credence  to  the  assunx^tlon  that,  when  the  sinus- 
oidal term  Is  omitted  from  the  fitting  functions,  oscillations  in  the  data  about  the  mean 
value  are  sufficiently  rapid  that  they  do  not  seriously  affect  the  choice  of  best-fit  power 
series.  As  explained  In  Section  3.2.2,  a simple  power  series  fitting  function  was  adopted. 

Irregular  fluctuations:  On  Cylinders  2,  6,  and  7,  irregular  fluctuations  were 
superimposed  on  the  sinusoidal  oscillations.  The  fluctuations  are  most  likely  caused  by 
static  friction  between  the  moving  magnet  and  surrounding  coll  housing  at  the  turning 
points  in  the  coil  motion.  In  the  error  analysis.  It  was  assumed  that  the  fluctuations 
were  random. 

3.3  CAMERA  DATA 

3.3.1  Use  of  Film  Reader.  Developed  films  from  the  high-speed  cameras  were  analyzed 
with  the  aid  of  a precision  film  reader.  Timing  marks  projected  onto  the  film  at  10  milli- 
second Intervals  were  used  to  establish  the  framing  rate.  A horizontal  distance  scale  In 
each  film  frame  was  provided  by  a photomarker  plate  attached  to  the  support  plate  nearest 
the  camera  and  marked  off  over  a 12-Inch  interval  in  alternate  black-and-white  l-1nch  wide 
bands.  The  zero  of  coordinates  was  defined  for  each  film  frame  to  be  the  junction  of  the 
photomarker  plate  with  the  vertical  back  edge  of  the  support  plate. 

For  those  cameras  with  SOtnm  focal  length  lenses  (Table  No.  2),  non-linearity  across 
the  field  of  view  could  be  neglected.  For  those  cameras  with  13nin  lenses,  a correction  had 
to  be  applied  for  non-linearity  across  the  field  of  view. 

The  measuring  position  on  the  cylinder  was  defined  by  the  junction  of  alternate 
black  and  white  sectors  painted  onto  the  end  plates.  Because  the  end  plate  is  9 inches 
farther  from  the  camera  than  the  photomarker  plate,  a simple  geometrical  correction  had  to 
be  applied  to  the  measured  position  coordinates. 

It  was  necessary  to  apply  a correction  the  the  measured  position  coordinates  to 
account  for  motion  of  the  camera  and  mounting  post  under  blast  loading.  The  accuracy  of 
position  measurement  was  estimated  to  be  *.04  Inch  before  any  corrections  were  applied. 

3.3.2  Philosophy  of  Curve-Fitting.  The  same  consldetaticns  which  governed  the  fitting 
of  the  velocity-time  data  discussed  in  Section  3.2  applied  to  the  fitting  of  the  displace- 
ment-time record  from  the  high-speed  cameras,  except  that  one  Is  interested  in  the  second, 
rather  than  the  first,  derivative,  and  the  record  is  continuous.  In  addition,  the  ability 
to  observe  the  cylinder  end,  rather  then  the  end  of  the  cylinder  shaft,  meant  that  the 
oscillations  of  the  cylinder  shaft,  so  prominent  in  the  velocity  transducer  data,  were 
absent  in  the  camera  data. 

3.4  FREE-FIELD  OVcRPRI  SSURE  HEASUIIEHENTS 

Side-on  pressure  gauges  mounted  at  ground  level  were  used  to  record  overpressure- 
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tinie  histories  of  strategic  points  on  the  Canadian  layout.  These  measurements  are  the 
subject  of  a related  report. ^ Four  gauges  were  located  In  the  vicinity  of  the  20  psi  over- 
pressure position*  six  gauges  In  the  vicinity  of  the  10  psi  overpressure  position,  and  four 
gauges  In  the  vicinity  of  the  7 psi  overpressure  position. 


Each  overpressure- time  curve  was  assumed  to  follow  the  empirical  Friedlander  decay 


formula 


where  -X 

F • 1 - e * 

vlth  5^  * peak  overpressure  (psi) 

a iduratlon  of  positive  overpressure  phase 

k - Friedlander  decay  constant  (empirically  determined). 

The  positive  duration,  t^,  was  determined  by  visual  Inspection  of  the  digitized 

pres sure- time  records. 

The  overpressure  Impulse,  I*  defined  by 

I •[  P(t)  dt  (7) 

wes  obtained  by  numerical  Integration  of  the  area  under  the  measured  pressure-time  record 
from  t"0  to  t“t^.  Integration  of  Eq.  6 from  t=0  to  t*t^  leads  to  the  equation 


_L_-  [l 

o^+  ^ kz 


The  function  on  the  right  is  an  unique  function  of  the  decay  constant  k only.  This 
function  was  plotted  and  the  value  of  k determined  graphically  for  each  pressure  gauge  by 
calculating  the  ratio  using  experimental  values  of  I,  p , and  t^  determined  directly 

from  the  measured  pressure-tine  records.  Once  the  parameters  I,  p^,  t^  and  k were 
determined  for  each  gauge  at  a given  nominal  peak  overpressure  location,  a best  value  was 
determined  for  each  parameter  by  averaging  the  results  from  all  the  gauges  at  that  peak 
overpressure  location.  The  scatter  In  the  values  of  the  parameters  about  the  mean  value 
was  used  to  provide  an  estimate  of  the  uncertainty  In  each  parameter. 

3.5  IMPACT  PRESSURE  CALCULATIONS 

jjj 

The  dynamic  pressure  q and  impact  pressure  q^  were  assumed  to  decay  as  F^,  , i.e.. 


qi(t)  ■ qjQp^  (10) 

whera  the  peak  dynamic  pressure,  Is  detemined  from  the  Rankine-Hugonlot  relations  at 
the  shock  front  to  be 


5 Po" 

"o  7 (p„  ♦ 7p,) 

and  the  peak  impact  pressure  Is  determined  to  be 

‘^lo  ' ‘*0  ^ 2.8(p^  + p^) 
where  p^  > peak  overpressure 
p,  - ambient  pressure. 

A 


(11) 


(12) 


It  has  been  the  practice  in  recent  years  at  our  Establishment  to  define  drag 
coefficient  in  terms  of  impact  pressure,  rather  than  dynamic  pressure  (see  Eq.  1)  because 
drag  force  for  compressible  fluids  is  directly  related  to  Impact,  rather  than  dynamic 
pressure.  This  practice  has  been  continued  in  this  report.  The  ratios  of  impact  pressure 
to  dynamic  pressure  at  the  20.1,  9.7  and  6.7  psi  peak  overpressure  locations  were  1.103, 
1.039,  1.022,  respectively,  based  on  Equations  9,  10,  11  and  12. 

3.6  CALCULATION  OF  HACH  AND  REYNOLDS  NUMBERS 

Free  stream  Mach  and  Reynolds  numbers  were  calculated  using  standard  definitions^ . 
Fluid  velocity  was  assumed  to  decay  as  u * u^F  (13) 

where  F Is  defined  in  Equation  6, 

and  Uq  was  derived  in  terms  of  p^  and  p^  from  the  Rankine-Hugoniot  relations  across 
the  shock  front. 


The  temperature  of  the  flow  behind  the  shock  front  was  approximated  by  the 
isentropic  relation.  The  kinematic  velocicy  was  described  by  i*  power  series  in  temperature, 
where  the  coefficients  of  the  series  were  obtained**  by  fitting  a power  series  to  values  of 
kinematic  viscosity  for  air  at  specii ic  temperatur's. 
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4.  RESULTS 


4.1  GENERAL 

Figures  8 through  18  present  results  of  fits  to  velocity  transducer  data  and  camera 
data  for  Cylinders  2 through  7 (except  for  Cylinder  2 where  only  transducer  data  are 
available).  The  case  of  Cylinder  1,  which  failed  to  undergo  free  flight  under  the  Influence 
of  a blast  anomaly,  1r  discussed  below.  Figures  19  through  23  present  derived  drag 
pressures  and  drag  coefficients  for  Cylinders  3 through  7 from  both  camera  and  transducer 
data.  A summary  of  results  for  each  cylinder,  with  qualifying  remarks.  Is  presented  In 
Table  3.  Tables  4,  5,  and  6 have  been  Included  because  they  suimarlze  the  variation  of 
dynamic  pressure  and  Impact  pressure,  as  well  as  Mach  number  and  Reynolds  number,  as  a 
function  of  time  after  shock  arrival,  at  the  9.7  and  6.7  psi  peak  overpressure  location  for 
18-Inch,  9.5-1nch,  and  3.5-1nch  diameter  cylinders. 

4.2  VELOCITY  TRANSDUCER  DATA 

The  data  from  east  and  west  ends  on  a given  cylinder  were  analyzed  separately. 

The  best-fit  curve  Is  drawn  through  the  velocity-time  data  as  a solid  line.  The  dotted 
lines  In  the  figures  represent  ± one  root  mean  square  (RMS)  deviation  In  the  scatter  of 
data  about  the  best-fit  curve,  It  was  assumed  for  purposes  of  error  analysis, and  In  the 
absence  of  better  Information,  that  the  RMS  deviation  had  a constant  value  at  all  points  on 
the  curve.  The  acceleration  curve  Is  the  first  derivative  of  the  best-fit  velocity  function. 
The  dotted  lines  on  the  acceleration-,  drag  pressure-,  and  drag  coefficient-time  curves, 
however,  respresent  * three  standard  deviations  (99%  confidence  Interval). 

Velocity  data  for  Cylinders  3,  4,  6,  and  7 were  fit  by  power  series  with  terms  up 
to  the  fourth  power  In  time  (5  parameters).  Transducer  data  for  Cylinders  2 and  5 were  fit 
by  power  series  with  terms  up  to  the  second  power  In  time  (3  parameters). 

4.3  HIGH-SPEED  CAMERA  DATA 

Cameras  recorded  the  motion  of  the  west  cylinder  ends  only.  In  the  figures,  the 
best-fit  power  series  curve  is  drawn  as  a solid  line  through  the  displacement-time  data. 
Dotted  lines  representing  ± one  RMS  deviation,  are  also  drawn,  but  are  not  evident  on  most 
drawings  because  the  deviation  Is  so  small.  On  the  velocity-,  acceleration-,  drag  pressure-, 
and  drag  coefficlent-timn  curves,  however,  the  dotted  lines  represent  ± three  RMS  deviations 
about  the  best-fit  curve  (99%  confidence  interval).  Displacement  data  for  Cylinders  3,  4,  5 
and  6 were  fit  by  a power  series  with  terms  up  to  the  fifth  power  In  time  (6  parameters). 
Displacement  data  for  Cylinder  7 were  fit  by  a power  series  with  terms  up  to  the  third  power 
In  time  (4  parameters). 
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4.4  DRAG  COEFFICIENT  VS  REYNOLDS  NUHBER  - BEFORE  CORRECTIONS  (FIG.  25) 


For  a given  data  record,  the  drag  pressure-time  curve  was  divided  by  the  approp- 
riate Impact  pressure-time  curve  (Fig.  24)  to  obtain  drag  coefficient  as  a function  of 
t1me,Cjj(t). 

In  Figure  26,  the  resultant  Cplt)  curves  are  plotted  as  a function  of  Reynolds 
lumber  for  all  cylinders  for  which  the  free  stream  Mach  number  Is  less  than  the  critical 
value  Me  > 0.48.  Fur  this  Mach  number  range,  the  dependence  of  Cq  upon  Mach  number  Is 
slight. 

The  use  of  Impact  pressure  In  place  of  dynamic  pressure  probably  reduces  this 
dependence  even  further. 

In  Figure  26,  data  which  required  a linear  fit  to  drag  pressure  have  not  been 
Included  because  a linear  fit  was  felt  to  provide  no  detailed  Information  on  the  shape  of 
the  drag  pressure-time  curve  (see  Section  3. 2). The  CQ(t)  values  are  presented  as  bands  of 
uncertainty  for  three  reasons: 

(1)  To  permit  a visual  comparison  of  the  relative  accuracies  of  the  velocity 
transducer  and  high-speed  camera  techniques. 

(2)  To  emphasize  that,  for  a given  data  record,  the  uncertainty  in  the 
derived  drag  coefficients  Is  not  constant  across  the  record.  The  uncertainty  Is  least  near 
the  middle  of  each  record. 

(3)  To  show  the  measure  of  agreement  between  drag  coefficients  obtained  using 
the  velocity  transducer  and  high-speed  camera  technique. 

In  this  Figure,  and  In  the  plots  of  CpCt)  In  Figure  19  through  23,  no  uncertainty 
In  the  calculated  Impact  pressure  has  been  Included.  This  has  been  done  so  that  the  ratio 
of  drag  coefficients  with  and  without  extended  end  plates  could  be  formed  directly  to  assess 
the  Importance  of  end  effects.  In  such  a ratio.  Impact  pressure  cancels  out,  so  the 
uncertainties  in  Figures  19  through  23  and  Figure  26  are  the  appropriate  ones  to  use  for 
assessing  end  effects. 

Included  for  completeness  In  Figure  26  is  a solid  curve  representing  drag 
coefficients  measured  In  a wind  tunnel  under  steady-state  flow  conditions.  12 »13  jhe 
extension  of  the  steady-state  results  to  higher  Reynolds  numbers i**  Is  represented  by  the 
dotted  portion  of  the  curve. 

4.5  END  EFFECTS  (FIG.  27) 

The  flow  of  air  over  the  ends  of  finite-length  cylinders  can  produce  a measured 
drag  coefficient  which  Is  different  than  the  value  that  would  be  measured  for  an  Inflnltely- 
long  cylinder.  Since  the  main  structural  members  of  the  Canadian  Navy  masts  and  antennae 
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tested  In  Dice  Throw  had  relatively  large  length/ dlamater  (L/D)  ratios,  drag  coefficients 
for  Infinite-length  cylinders  were  the  appropriate  Input  to  structural  response  calculations 
for  these  structures. 

In  the  present  experiment,  thin  extended  end  plates  were  attached  to  the  ends  of 
some  cylinders  (Figs.  4 and  5)  to  prevent  air  flow  around  the  ends  of  the  cylinders,  there- 
by eliminating  end  effects. 

There  was»  of  course,  a contribution  to  the  overall  drag  on  the  cylinder  due  to  drag 
on  the  end  plates  themselves.  However,  because  the  end  plates  had  bevelled  knife  edges, 
and  the  air  flow  Is  expected  to  be  parallel  to  the  faces  of  the  end  plates,  the  main  con- 
tribution to  end  plate  drag  was  skin  friction  drag,  for  which  the  maximum  drag  coefficient, 
according  to  Hoemer^^,  Is  .008.  Using  this  value  for  Cq,  the  fractional  contribution  by 
the  end  plates  to  the  overall  measured  cylinder  drag  pressure  was  assumed  to  be  given  by 

^^D^^end  plate ^ 

^^l/^end  plate  cylinder 

where  A j , „ Is  the  total  exposed  surface  area  of  the  two  end  plates 
6nd  plate 

^cyllr.der  frontal  area  of  the  cylinder 

^SU’nd  plate  * 

^^D^cyllnder  " '"**sured  value  from  experiment. 

These  calculated  contributions  from  the  end  plates  to  the  measured  drag  coefficient 
(approximately  lOt  for  Cylinder  7,  7*  for  Cylinder  5,  and  less  than  1*  for  Cylinder  2)  were 
then  subtracted  from  the  measured  coefficients  to  produce  a set  of  corrected  coefficients 
appropriate  to  Infinite-length  cylinders.  It  Is  these  coefficients  which  are  plotted  In 
Figure  28. 

Since  the  experiment  Included  pairs  of  Identical  cylinders  with  and  without  extended 
end  'plates,  at  the  same  peak  overpressure  locations.  It  was  possible  to  measure  end  effects 
directly  by  forming  the  ratio 

Cq  (with  extended  end  plates,  corrected  for  end  plate  drag) 

Cq  (without  extended  end  plates)  " 

These  ratios  were  formed,  using  drag  coefficients  averaged  over  25  msec  intervals  , 
for  Cylinders  6 and  7 (velocity  transducer  data)  and  Cylinders  4 and  5 (camera  data).  The 
results  are  plotted  In  Figure  27  as  a function  of  elapsed  time  after  shock  arrival. 

For  Cylinders  6 and  7,  with  an  L/D  ratio  of  17,  the  first  two  points  In  Fig.  27 
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covering  50  msec  of  motion  correspond  t.o  Reynolds  numbers  (9-5)xl0^,  i.e.,  just  above  the 
critical  Reynolds  number  range  (5-3)xl05.  The  value  of  the  Cq  ratio  Is  slightly  less  than 
( but  consistent  with  unity.  The  next  three  points  correspond  to  Reynolds  numbers  In  the 
critical  range  (5'3)xl05.  For  these  points,  the  ratio  lies  below  1.  A slight  tendency 
for  the  ratio  to  decrease  with  time  Is  noted.  All  points  are  consistent  with  the  weighted 
average  value  of  0.78. 

For  Cylinders  4 and  5,  which  have  an  L/D  ratio  of  5,  all  of  the  data  points 
correspond  to  Reynolds  numbers  In  the  supercritical  range  (16-9)xl0^.  Initial  values  of 
the  Cq  ratio  are  substantially  greater  than  1 and  are  not  consistent  with  unity  within 
error.  Moreover,  the  ratio  increases  markedly  for  later  times.  The  average  value  for  the 
first  50  msec  of  motion  1s  1.43  while  for  the  second  50  msec  of  motion  It  Is  1.95.  The 
average  value  fur  the  first  100  msec  of  motion  Is  1.58,  but  not  all  of  the  data  points 
agree  with  this  value  within  error. 

Due  to  the  failure  cf  Cylinder  1,  the  18-Inch  diameter  cylinder  with  extended  end 
plates.  It  was  not  possible  to  measure  end  effects  directly  using  Cylinders  1 and  3.  In 
view  of  the  large  end  effects  observed  for  Cylinders  4 and  5 In  the  supercritical  Reynolds 
number  range  with  an  l./D  ratio  of  5,  It  was  felt  that  substantial  end  effects  could  also 
be  expected  for  the  18-Inch  diameter  Cylinder  3 whose  motion  spanned  a somewhat  higher 
Reynolds  range  and  which  also  had  an  L/D  ratio  of  5.  Since  no  direct  information 

was  aval'.  ‘'or  Cylinder  3,  the  average  e?d  effect  factor  of  1.58  measured  for  Cylinders 
4 and  5,  was  applied  to  the  camera  data  for  Cylinder  3.  These  corrected  data  are  plotted 
In  Figure  28.  It  Is  notable  In  this  Figure  that,even  after  substantial  end  effect 
corrections,  the  two  data  points  at  highest  Reynolds  number  (first  50  msec  of  motion)  for 
the  18-Inch  Qtan«ter  cylinder  lie  well  below  steady-state  values.  To  obtain  agreement  with 
the  steady-state  values,  the  measured  drag  coefficients  would  have  to  be  multiplied  by  an 
approxlitate  factor  of  2.  If,  instead  of  an  average  end  effect  factor,  one  employed  the 
measured  values  fc"  each  25  msec  interval  recorded  In  Figure  27,  the  two  points  at  highest 
Reynolds  numbers  In  Figure  23  would  be  depressed  a further  10*,  while  the  third  point  would 
be  elevated  a furiher  20%  to  lie  above  the  steady-state  value. 

4.6  DUST  LOADING 

Both  the  greasy  dust  collectors  described  In  Section  2.4  and  the  high-speed  camera 
records  provided  qualitative  Information  on  the  amount  of  dust  entrained  In  the  blast  wave 
during  the  cylinder  motion.  Both  dust  co’.lettors  (see  7-foot  tall  dust  collector  In  Figure 
6)  and  camera  records  confirmed  that  a significant  dust  cloud  existed  only  to  a height  of 
about  three  feet  above  ground,  ana  that  relatively  little  dust  existed  at  the  Initial 
cylinder  height  5 to  6 feet  above  ground.  One  would  expect  any  dust  loading  to  Increase  the 
effectl/e  drag  force  on  the  cyl inder,  thereby  increasing  the  meusured  drag  coefficient.  The 


14 


insignificance  of  dust  loading  is  supported  by  the  fact  that  the  measured  drag  coefficients 
in  Figure  28  were  consisted  with  steady-state  values  over  most  of  the  range  of  measurement. 
The  plastic  coating  sprayed  onto  the  ground  in  the  Canadian  sector  proved  highly  effective 
in  suppressing  dust,  as  evidenced  by  the  relatively  low  dust  levels  In  this  trial  compared 
to  previous  trials. 


4.7  DRAG  COEFFICIENT  VS  REYNOLDS  NUMBER  - AFTER  CORRECTIONS  (FIG.  28) 

Figure  28  is  a composite  semi-log  plot  showing  measured  drag  coefficients  for 
"infinitely  long"  smooth  cylinders  in  unsteady  flow  conditions  for  Reynolds  numbers  from 
(3-40)xl05.  For  the  3.5  inch  and  9.5  inch  diameter  cylinders,  data  from  cyli.iKlers  with 
extended  end  plates  were  used,  after  subtracting  a correction  for  end  plate  drag.  For  the 
18-inch  diameter  cylinder  without  extended  end  plates,  the  average  end  effect  factor  of 
1.58  measured  for  the  9.5-inch  diameter  cylinder  was  applied  to  the  18-iiich  cylinder 
results  to  convert  them  to  values  appropriate  to  a cylinder  of  infinite  length.  The  error 
bars  on  the  data  points  in  this  Figure  include  the  uncertainties  in  impact  pressure  plotted 
in  Figure  24.  As  in  Figure  26,  the  solid  line  represents  results  from  wind-tunnel  experi- 
ments in  steady-state  flow  conditions'^ ,13 , ihe  extension  by  other  workers  of  these 
results  to  higher  Reynolds  numbers''*  is  represented  by  the  dashed  portion  of  the  curve. 

4.8  SURFACE  ROUGHNESS 

All  of  the  cylinders  were  sanded  and  poll shed, after  deep  scratches  were  filled  in 
with  body-filler  compound  to  ensure  that  all  surface  imperfections  were  less  than  1/1030 
of  the  cylinder  diameter  and  that  all  scratches  present  were  in  the  direction  of  air  flow 
over  the  cylinder.  Under  these  conditions,  according  to  Hoerner">,  the  cylinder  could  be 
considered  aerodynamical ly  smooth  and  the  effect  of  surface  imperfections  on  the  air  flow 
would  be  negligible. 

4 . 9 DRAG  COEFFICIENTS  FOR  SUPERCRITICAL  MACH  NUMBERS  - CYLINDER  2 


For  Cylinder  2 at  20.1  psi  peak  overpressure,  the  flow  Hach  number  fell  from  0.63  to 

0.50  during  the  first  20  msec  of  motion,  and  0.50  to  038  during  the  next  20  mssc  of  motion. 

During  these  Intervals,  Mach  number  was  above  M^p^^ical  ~ coefficient 

was  expected.  For  Cylinder  2,  only  one  transducer  record  provided  useful  data  and  these 
data  contained  large  Irregular  fluctuations  on  the  main  signal.  It  was  necessary  to  accept 

a linear  fit  to  drag  pressure  to  obtain  reasonable  uncertainty  limits;  only  average  drag 

coefficients  over  20  msec  Intervals  were  considered  meaningful  (see  Section  3.2.2).  The 
large  scatter  in  results  from  pressure  gauges  at  the  20  psi  peak  overpressure  location 
caused  a correspondingly  large  uncertainty  in  impact  pressure  which  reached  lOOt  after  only 
60  msec  of  cylinder  motion  (rig.  25).  The  net  result  was  that  only  average  drag  coeffi- 
cients for  0-40  msec  were  obtained,  and  these  had  large  uncertainties  associated  with  them. 


The  results  were: 
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4.10  BLAST  ANOMALY 

High-speed  camera  records  showed  that  the  large  end  plates  on  Cylinder  1 distorted 
and  separated  from  the  main  body  of  the  cylinder  shortly  after  the  cylinder  left  the 
support  stand.  Available  evidence  suggests  that  a blast  anomaly,  in  the  form  of  a surface 
precursor  jet  moving  up  the  east  side  of  the  Canadian  sector, was  responsible  for  the 
failure  of  Cylinder  1.  This  anomaly  produced  a secondary  pressure  wave  which  moved 
diagonally  from  east  to  west  across  the  layout  behind  the  main  shock  front.  The  dust- 
raisirg  precursor  Jet  could  be  clearly  seen  on  overhead  photographs  of  the  charge  just 
after  detonation.  The  evidence  for  the  laterally -moving  pressure  wave  follows; 

(1)  Sm.*11  secondary  pressure  peaks  ware  observed^  on  pressure  records  at  the 
20  and  10  psi  overpressure  locations.  Correlation  of  the  time  of  arrival  of  these 
secondary  pulses  with  the  gauge  positions  indicated  that  the  pressure  wave  responsible  was 
moving  diagonally  from  east  to  west. 

(2)  All  cylinders  which  translated  laterally  did  so  from  east  to  west. 

(3)  The  west  support  stand  for  Cylinder  1 had  been  twisted  toward  Ground  Zero 
and  the  stand  had  been  collapsed.  The  east  support  stand  was  somewhat  distorted  but  still 
i-'prlgStt.  The  only  explanation  consistent  with  these  and  other  pieces  of  evidence  is  that 
the  cylinder  or  cylinder  end  plates  delivered  a series  of  rapid  blows  to  each  support 
plate.  The  fact  that  the  west  support  plate  collapsed  first  suggested  that  it  had  received 
the  first  major  blow  from  the  cylinder.  This  conclusion  in  turn  implied  that  the  cylinder 
initially  had  to  translate  laterally  from  east  to  west.  An  east-west  pressure  component 
would  have  been  required  to  produce  this  motion. 
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5.  DISCUSSION  01  RESULTS 


5.1  GENERAL 

The  principal  Information  gained  fron  the  present  experiment  Is  (1)  the  variation 
of  drag  coefficient  In  the  range  of  critical  and  supercritical  Reynolds  numbers  under 
unsteady  flow  conditions  of  a free-fleld  blast  wave,  and  (2)  a measurement  of  ond  effects 
under  these  same  conditions  for  cylinders  with  length/diameter  ratios  of  5 and  17. 

All  of  the  measurement^  recorded  in  Figures  2f.  2/.  and  28  are  for  Hach  number 
less  than  the  critical  value  (Mc*0.41).  For  M<Hc,  Cq  Is  primarily  a function  of  Reynolds 
number.  For  N>Nc,  Cq  depends  mainly  upon  Nach  number.  As  It  Increases  through  Me,  an 
abrupt  rise  In  Cq  from  0.3  to  approximately  1.2  Is  observed.  This  Is  a result  of  the  fact 
that,  for  H«Nc,f1ow  becomes  supersonic  at  some  point  on  the  cylinder.  The  local  shock  wave 
which  forms  causes  a buildup  In  thickness  of  the  boundary  layer  and  a rapid  movement  of  the 
separation  point  forward  on  the  cylinder  with  an  attendant  rapid  rise  In  drag  coefficient. 

The  principal  difference  between  measurements  made  In  steady  and  unsteady  flow 
arises  from  the  fact  that  the  unsteady  flow  Is  preceded  by  a shock  front  which  diffracts 
over  the  cylinder,  sending  reflections  back  and  forth  several  times  across  the  cylinder. 

The  passage  of  the  shock  front  can  "condition”  the  following  air  blast  flow  to  produce  drag 
coefficients  which  are  different  than  one  would  measure  In  the  steady-flow  conditions 
encountered  in  wind  tunnel  tests.  The  duration  of  the  diffraction  phase,  t.  Is  typically 
2 msec,  so  one  might  expect  quas1*steady  flow  to  develop  after,  perhaps  5t  to  IDr,  (10  msec 
to  20  msec). 

5.2  VARIATION  OF  DRAG  COEFFICIENT  WITH  REYNOLDS  NUMBER  (FIG.  28) 

.5.2.1  Cylinder  with  3.5-lnch  Diameter.  The  points  for  Reynolds  number  In  the  range 
.5x10^  to  8x10^  are  In  ()ood  atfi^Shent  with  steady-state  values.  The  points  between  3xlC^ 
and  5x10^,  In  the  critical  range,  fall  well  below  steady-state  values.  This  result  might 
be  iittrlbutable  to  surface  roughness,  which  tends  to  move  the  critical  Reynolds  region 
toward  lower  Reynolds  numbers*^.  However,  as  discussed  In  Section  4.8,  precautions  were  taken 
to  (insure  that  the  cylinder  surface  was  aerodynamical ly  smooth,  so  this  explanation  Is  an 
unlikely  one.  It  Is  more  probable  that  the  lack  of  agreement  Is  caused  by  the  sln^ile  fact 
that  the  low  order  power  series  used  to  fit  the  data  Is  not  capable  of  responding  to  the 
rapid  change  In  Cq  which  occurs  In  this  range  of  Reynolds  number. 

5.2.2  Cylinder  with  9 S-Inch  Diameter.  Drag  coefficients  derived  for  the  9.5-1nch 
diameter  cylinder  for  Reynolds  numbers  In  the  range  9x10^  to  17x10^  are  consistent  with  the 
steady-state  values  within  error,  but  tend  to  lie  somewhat  higher  on  average. 

5. ’.3  Cylinder  with  18.0-Inch  Diameter.  The  two  Cq  values  spanning  the  first  50  msec 
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0^  nxjtlon  (R*42.7x105  to  29.5x10®)  lie  well  below  steady-state  values.  The  Cq  value  for  the 
50-75  msec  Interval  (R»29.5xl0®  to  24.0x10®)  Is  slightly  larger  than  the  steady-state  value, 
but  consistent  with  It  within  error. 

It  Is  possible  that  the  discrepancy  between  steady  and  unsteady  Cq  values  observed 
at  highest  Reynolds  numbers  Is  due  to  an  Inadequate  end  effect  correction  over  this  rauge 
of  Reynolds  number.  However,  to  obtain  agreement  with  steaily>state  values  for  all  three 
points,  H would  be  necessary  to  apply  an  end  effect  correction  which  decreased  with  time 
after  shock  arrival.  This  Is  contrary  to  the  observed  end  effect  variation  for  the  9.S-1nch 
diameter  cylinder. 

If  one  accepts  the  data  as  presented  in  Figure  28,  they  suggest  that.  In  the  early 
stage  of  unsteady  flow  for  Reynolds  numbers  of  order  40x10®,  Cq  Is  lower  than  the  steady- 
state  value.  As  time  progresses,  the  drag  coefficient  Increases  to  a value  somewhat  higher, 
but  consistent  with,  the  steady-state  value.  The  mechanise  responsible  for  :;he  Increase  in 
drag  coefficient  for  R>10®  Is  not  completely  understood,  but  Roshko  has  pointed  out''*  the 
strong  similarity  in  shape  of  the  Cq  vs  R and  1/S  vs  R curves,  where  S Is  Strouhal  number 
(S»(fd)/j  where  d is  cylinder  diameter,  u Is  free-stream  velocity,  and  f Is  tne  frequency  of 
vortex  shedding  at  the  rear  of  the  cylinder).  This  similarity  suggests  that  drag  coeffici- 
ent Is  related  to  the  frequency  of  vortex  shedding.  If  the  Initial  shock  front  conditioned 
the  following  flow  pattern  in  such  a way  as  to  artificially  Increase  the  frequency  of 
vortex  shedding.  It  Is  likely  that  a decreased  drag  coefficient  would  result.  One  might 
then  expect  drag  coefficient  to  Increase  as  quasi-steady  flow  developed. 

5.3  COHFARISON  WITH  RESULTS  OF  OTHER  WORKERS 

A limited  number  of  drag  coefficient  measurements  in  unsteady  flow  are  available. 
These  have  been  carried  out  primarily  at  AWRE  (UK)'®*'’*'®  In  shock  tubes  and  by  ORES  in 
previous  free-field  blast  trial  s'*  *®*®‘'.  In  several  Instances,  drag  coefficients  well  in 
exLu'SS  of  steady-state  values  were  observed.  In  the  case  of  past  ORES  results,  some  of  this 
discrepancy  can  be  accounted  for  by  a largely  unknown  amount  of  dust  loading.  Dust  loading 
seeais  to  have  been  a more  serious  problem  In  previous  t’‘1als  than  In  Dice  Throw  (see  Section 
4.6).  Some  work  Is  underway  at  DRES  to  examine  the  problem  of  dust  loading  on  circular 
cylinders  using  a mathematical  model  in  order  to  provide  some  theoretical  limits  on  the 
potential  seriousness  of  the  problem  for  some  representative  field  conditions. 

In  the  case  of  at  least  one  set  of  results  from  AWRt  , the  high  measured  drag 
coefficient  of  0.67  for  M<Hc  may  be  attributable  to  the  fact  that,  early  In  the  flow  history, 
the  flow  Mach  number  M was  >Mc.  The  authors  suggest  that  the  drag  coefficient  measured  for 
H<Mc  may  depend  upon  "conditioning"  of  the  flow  while  M>Hc.  This  contention  that.  In  unsteady 
flow  conditions,  the  measured  drag  coefficient  may  depend  upon  the  history  of  the  flow.  Is 
carried  toward  In  other  work  at  AHRE'®  by  Martin,  Mead,  and  Uppard.  In  this  work,  the 
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authors  show  from  shadowgraph  records  during  the  shock  diffraction  phase,  that  the  boundary 
layer  separation  point  has  been  moved  well  forward  on  the  cylinder,  and  they  argue  that, 
because  It  Is  unlikely  to  re-attach  downstream  during  the  subsequent  flow,  an  abnormally 
high  drag  coefficient  Is  expected  (In  agreement  with  observations). 

The  present  data  are  perhaps  notable  because  they  agree  with  steady-state  values 
over  a wide  range  of  Reynolds  number.  The  data  for  the  18-Inch  diameter  cylinder  are  new. 
Until  now,  no  known  unsteady  flow  measurements  existed  at  such  high  Reynolds  number  and  low 
Mach  number  {H<Hc  at  all  times).  Oryden  and  Hlll^’  measured  Cq  for  a 12“foot  diameter, 

120  foot  long  smoke  stack  (L/D»10)  In  a natural  wind  of  about  25-40  mph,  which  corresponds 
to  Reynolds  nunbers  of  30x1 0^  to  50x1 0^.  These  measurements  were,  however,  for  extremely 
low  Mach  numbers,  and  were  not  made  In  a decaying  blast  wave  which  was  preceded  by  a shock 
front. 

5.4  END  EFFFC7S  (FIG.  27) 

It  has  been  shown  from  shadowgraph  records  that  It  can  take  as  long  as  10  msec  for 
quasi-steady  flow  to  develop  over  the  cylinders  after  passage  of  the  shock  wave.  It  Is 
somewhat  surprising,  however,  to  find  that  the  ratio  of  Cq's  for  Infinite  and  finite  length 
cylinders  is  strongly  varying  as  late  as  75  msec  into  the  motion  (Fig.  27).  Before  any 
conclusions  can  be  drawn.  It  will  be  necessary  to  re-analyze  the  data  to  ensure  that  the 
observed  strong  variation  In  Cq  ratio  for  the  9.5-1nch  diameter  cylinders  Ip  not  simply  an 
artifact  of  the  data  analysis.  The  average  value  of  the  ratio  over  lOO  msec  of  motion, 
1.58,  is  quite  close  to  the  value  of  1.67  measured  by  Dryden  and  Hill^^ijee  Section  5.3)  for 
very  low  Mach  numbers  and  R In  the  range  30x10^  to  50x10^.  This  agreement  helps  to  justify 
the  decision  to  apply  the  average  end  effect  factor  for  the  9.5-inch  diameter  cylinders  to 
the  18-Inch  diameter  cylinder  (R»24xl0®  to  43x10^). 

The  results  for  the  3.5-1nch  diameter  cyllnde*"  re  consistent  with  a value  of  1 for 
the  Cq  ratio,  for  Reynolds  numbers  just  above  the  crit.  jl  region.  This  ratio  appears  to 
drop  below  unity  by  as  much  as  25*  as  the  critical  Reynolds  region  is  entered.  The  latter 
must  be  treated  with  caution  because  It  Is  likely  that  the  power  series  fit  to  the  t>.- 
unable  to  follow  the  rapid  c.hange  In  In  this  region,  so  the  results  may  w 
misleading. 

5.5  RESULTS  FOR  SUPERCRITICAL  MACH  NUMBERS  - CYLINDER  2 

The  Initial  Cp  value  of  .76±.20  measured  for  Cylinder  2 is  more  consistent  with  the 
results  for  a finite-length  cylinder,  with  L/D  ratio  of  17  (Cq=0.9),  than  for  an  Infinite- 
length  cylinder  (Cq=1.3,  Gowen  and  Perklns^^).  Examination  of  the  velocity-time  curve  In 
Figure  8 Indicates  that  the  Initial  acceleration  values  obtained  from  the  fitted  curve  may 
well  be  too  low.  A more  reliable  determination  of  acceleration  is  not  possible,  however. 
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given  the  large  fluctuations  v.lilch  are  present  in  the  velocity-time  data. 


6.  CONCLUSIONS 


1.  Aerodynamic  drag  coefficients  measured  for  “infinite-length"  cylinders  under  unsteady 
flow  conditions  in  a long-duration  (160-300  msec)  free-field  Mast  wave  were  in  generally 
good  agreement  with  steady-state  values  fcr  Reynolds  numbers  in  the  range  5x10^  to  16x10^ 
and  hach  numbers  <0.41.  In  the  critical  Reynolds  numbev  range  3x10^  to  5x10^,  the  measured 
drag  coefficients  lay  well  below  the  steady-state  values,  bet  this  was  felt  to  be  due  to  the 
inability  of  the  power  series  fitting  function  to  respond  to  the  very  rapid  changes  in  drag 
coefficient  occurring  in  this  region.  In  the  Reynolds  number  range  30x10®  to  40x10®, 
measured  unsteady  flow  drag  coefficients  were  approximately  30%  lower  than  steady-state 
values.  Further  experiments  would  be  necessary  to  establish  whether  this  difference  is  due 
to  an  inadequate  correction  for  end  effects  or  due  to  a real  physical  effect  associated  with 
the  diffraction  of  the  shock  front  across  tha  cylinder. 

Measurement  of  drag  coefficients  for  identical  cylinders  with  and  without  extended  end 
plates  permitted  the  direct  measurement  of  end  effects  for  finite-length  cylinders  by 
forming  the  ratio  Cjj(infinite)/Cp(finite) . for  tne  cylinders  with  a length/diameter  (L/0) 
ratio  of  5,  an  average  Cq  ratio  of  1.6  was  observed  over  a Reynolds  number  range  of  9x10® 
to  16xl0®(M<0.41 ).  For  the  cylinder  with  L/D  of  17,  an  average  Cp  ratio  of  0.8  was 
cbser\t\'J  fcr  Reynolds  numbers  in  the  range  3xlU®  to  8x10®.  The  ratio  was  observed  to 
decrease  as  Reynolds  number  dropped  from  the  supercritical  to  critical  range.  Further  data 
analysis  and  experimentation  are  required  to  confirm  the  strong  increase  in  end  effect 
ratio  with  time  after  shock  arrival  which  was  observed  for  the  cylinder  with  an  L/D  ratio 
of  5. 

3.  Greasy-stake  dust  collectors  and  high-speed  camera  records  confirmed  that  the  plastic 
coating  sprayed  onto  the  ground  in  the  Canadian  sector  proved  highly  effective  in  suppress- 
ing dust.  It  is  prot.^ble  that  the  dust  loading  or.  the  cylinders  was  negligible  during  the 
first  100-150  msec  of  motion  over  which  measure:?ents  were  taken. 

4.  Cylinder  1 at  the  20.1  psi  peak  overpre<sure  Icration  failed  due  to  the  influence  of  a 
ground  precursor  type  of  blast  anomaly  which  moved  up  the  east  side  of  the  Canadian  sector 
and  produced  a secondary  pressure  wave  travelling  diagonally  from  east  to  west  across  the 
Canadian  layout. 
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TABLE  HO.  1 SIZE.  WEIGHT  AND  LOCATION  OF  TEST  CYLINDERS 


Cylinder 

Number 

Peak 

Overpressure 

(psi) 

Diameter 

D 

(Inches) 

Length 

L 

(Inches) 

L/0 

End  Plate 
Diameter 

E 

(Inches) 

E/D 

Total 

Weight 

(lb) 

Height 
of  Axis 
Above 
Ground 
(feet) 

D1 stance 
from 
Ground 
Zero 
(feet) 

1 

20.1 

18.0 

90.0 

5.0 

48.U 

2.67 

266.7 

6.0 

739 

2 

20.1 

3.5 

60.0 

17.1 

10.5 

3.0 

63.3 

5.0 

739 

3 

9.7 

18.0 

90.0 

5.0 

18.0 

1.0 

162.3 

6.0 

964 

4 

6.7 

9.5 

48.0 

5.1 

9.5 

1.0 

37.4 

5.0 

1139 

5 

6.7 

9.b 

48.0 

5.1 

28.5 

3.0 

60.0 

5.0 

1139 

6 

9.7 

3.5 

' 60.0 

17.1 

3.5 

1.0 

20.6 

5.0 

964 

7 

9.7 

3.5 

60.0 

17.5 

17.5 

5.r- 

21.8 

5.0 

964 

TABLE  NO.  2 SUMNMY  OF  CANERAS  USED  IN  TRIAL 


Cylinder 

Number 

Overpressure 

(psi) 

. Camera 

Type 

Focal 
Length 
of  Lens 

(nm) 

F'  ng  Rate 

(frajtas/sec) 

Field  of  View  in 
Plane  of  Photomarker 
Plate 

Width 

(inches) 

Height 

(inches) 

1 

20.1 

Photosonic 

13 

— 

85 

53 

2 

20.1 

Photosonic 

13 

1090* 

35 

22 

3 

9.7 

Photosonic 

13 

1130 

40 

25 

4 

6.7 

Photosonic 

50 

1000 

16 

10 

S 

6.7 

Photosonic 

50 

990 

16 

10 

6 

9.7 

Photosonic 

50 

941 

16 

10 

7 

9.7 

Photosonic 

50 

1090 

16 

10 

* not  constant 


TABLE  HO.  3 SWtHRY  OF  RESULTS  FOR  EACH  CYLINDER 


Cylinder  - . ^ Useful  Data  Remarks 

Nuaiber  ObUined  Raaarics 

1 V.T.  (East)  No 

V.T.  (West)  No 

Can.  (West)  No 

Cylinder  failed  to  undergo  free  flight  due  to  side- 
wise  blast  anomaly  at  20  psi  peak  overpressure 
location  acting  on  large  end  plates. 

2 V.T.  (East)  No  - East  nwgnet  broke  shortly  after  shock  arrival. 

V.T.  (West)  Yes  - Pocr  signal/noise  due  to  error  in  circuit  controlling 

sensitivity. 

Can.  (West)  No  - Son-constant  film  speed;  violent  displacenent  of 

camera  post. 

3 V.T.  (East)  Yes 

V.T.  (West)  Yes  "1 

Cam.  (West)  Yes  - 

Both  - - - 

~Larqe  amplitude  79  Hz  oscillations  on  signal  produced 
_ large  uncertainties  in  derived  drag  pressure. 
Oscillations  absent;  smaller  uncertainties  than  for 
V.T.  data. 

East-West  V.T.  results  consistent  over  range  of 
measurement.  V.T.  and  Cam.  results  consistent  over 
entire  range  of  measurement. 

4 V.T.  (East)  Yes 

V.T.  (West)  Yes 

Cam.  (West)  Yes  - 

Both  - - - 

"Moderately  large  60  Hz  oscillations  on  signals  pro- 
duced increased  uncertainties  in  derived  drag 
_ pressure. 

Excellent  data;  only  small  corrections  for  camera  motion. 

East-West  V.T.  results  consistent  over  range  of 
measurement.  V.T.  and  Cam.  data  consistent  over 
most  of  range  of  measurement. 

5 V.T.  (East)  Yes 

V.T.  (West)  Yes 

Cam.  (West)  Yes  - 

Both  - - - 

“Moderately  large  60  l!z  oscillations  on  signals; 

signals  terminated  prematurely  due  to  contact  of 
_ cylinder  shaft  with  photomarker  plate. 

Excellent  data;  only  small  corrections  for  camera 
motion. 

Linear  drag  pressure  from  V.T.  data  in  agreement  over 
most  of  range  with  (approximately)  linear  drag 
pressure  f 'om  higher  order  fit  to  Cam.  data. 

6 V.T.  (Fast)  Yes 

V.T.  (West)  Yes 

Cam.  (West)  Yes  - 

Both  - - - 

[“smaller  59  Hz  oscillations  with  irregular  fluctuations 
L superposed. 

Excellent  data;  larger  corrections  for  canw-a  motion 
than  for  Cyl.  4,5. 

East-West  V.T.  results  consistent  over  entire  range  of 
measurement.  V.T.  and  Cam.  data  consistent  over 
most  of  range  of  measurement. 

7 V.T.  (East)  Yes 

V.T.  (West)  Yes 

Cam.  (West)  Yes  - 

Both  - - - 

Pstnaller  59  Hz  oscillations  with  irregular  fluctuations 
superposed.  Uncertainties  in  drag  pressure 

L competitive  with  Cam.  data. 

Large  corrections  for  camera  post  motior.  forced  linear 
fit  to  drag  pressure. 

East-West  V.T.  results  consistent  over  entire  range  of 
measurement.  V.T.  and  Cam. data  consistent  over  most 
of  range  of  measurement. 

* V.T.  - Velocity  Transducer.  Cam.  - High-Speed  Camera 

(East,  West)  - refers  to  end  of  cylinder  where  measurement  recorded. 
Both  - Conments  refer  to  both  V.T.  and  Cam.  data 
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DRAG  COEFFICTENT  VS  TIHE  FOR  CYLINDER  6 - CAHERA_nATA 
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^ OP  BEST  VALUES  FOR  DWAS  COEFFICIENT* 
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DRAG  COEFFICIENT  VS  REVNOtOS  NUMBER 
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PROJECT  C2  BLAST  RESPONSE  OF  UHF  POLEMAST  ANTENNA 
- EVENT  DICE  THROW 

C.G.  Coffey  and  6.V.  Price 


DEFENCE  RESEARCH  ESTABLISHHENT  SUFFIELO 
RALSTON.  ALBERTA.  CANADA 


ABSTRACT 


The  blast  response  of  e 23  ft  IWF  Polemast  Antenna  was  Investigated  In  a 
free-field  blase  trial  and  In  numerical  simulation  experiments.  The  antenna  satis- 
factorily withstood  the  air  blast  loading  at  the  nominal  7.0  psi  peak  overpressure 
location  In  Event  Dice  Throw,  and  the  numerical  model  predictions  for  the  natural 
frequencies  and  transient  strain  were  In  excellent  agreement  with  the  values  obtained 
experimentally. 
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IMTRODUCTION 


The  Defence  Research  Establishment  Suffleld  (DRES).  In  support  of  the 
Canadian  Forces  (Maritime)  policy  on  blast  hardening  of  ships  and  sub-con^onents . has 
conducted  a series  of  tests  to  determine  the  ability  of  certain  antenna  designs  to 
withstand  blast  overpressures  of  various  Intensities.  During  Event  Dice  Throw,  a 62u 
ton  AN/FO  free-fleld  blast  trial  conducted  by  the  United  States  Defence  Nuclear  Agency 
at  the  White  Sands  Missile  Range  In  New  Mexico  on  6 October,  1976,  several  antenna 
designs  were  tested  at  various  overpressure  levels.  One  of  the  antennas  evaluated 
In  the  trial  was  a 23  ft  UHF  Polemast  Antenna,  of  the  type  Intended  for  several 
classes  of  ships  (IRE-257,  DDE-261.  ODH-265.  and  A0R508). 

The  objectives  of  this  study  were  to  determine  the  ability  of  the  Polemast 
Antenna  Assembly,  complete  with  attached  fibreglass  covered  radiators,  to  withstand 
a blast  wave  at  the  7.0  psi  peak  overpressure  level,  and  to  compare  the  measured 
antenna  response  against  theoretical  predictions  determined  by  a computer  model 
recently  developed  at  DRES  [1],  It  Is  Intended  that  experimental  verification  of 
the  computer  model  would  lead  to  a criterion  for  predicting  the  blast  response  of 
polemast  designs  In  general. 
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CONSTRUCTION  OF  THE  PROTOTYPE  POLEMAST  AKTENWA 


A prototype  Polemest  Antenna  was  constructed  at  ORES  In  accordance  with 
drawings  supplied  by  DMCS-6.  During  the  fabrication  of  the  prototype,  design  mod- 
ifications were  required  In  order  to  ecconinodate  the  facilities  of  the  DRES  Machine 
Shop.  The  design  modifications  are  examined  In  detail  In  Appendix  A.  It  Is 
anticipated  that  the  suggested  design  changes  will  generally  make  the  antenna  more  • 
cost  effective  by  simplifying  the  fabrication  procedures. 

A schematic  view  of  the  Polemast  Antenna  Is  shown  In  Figure  1.  The 
structural  portion  of  the  antenna  Is  a seamless  aluminum  tube  9.5"  O.D.  x .261  " wall 
X l.9'-7"  long.  The  tubing  was  fabricated  by  Alcan  Canada  Products  Ltd.,  and  a suimary 
of  the  physical  properties  of  the  tubing  Is  provided  In  Appendix  B.  Attached  to  the 
aluminum  tubing  were  an  Upper  and  Lower  Radiator,  a Lower  Transformer,  a Cross  Arm, 
and  an  AN/SRD-501  Antenna  at  the  mast  head.  The  Lower  Radiator  and  Transformer  were 
actual  test  Items,  while  the  Upper  Radiator  and  the  AN/SRD-501  Antenna  were  mock-ups 
constructed  to  simulate  the  approximate  weight,  and  projected  cross-sectional  area 
of  the  respective  Items. 

The  Prototype  Polen^ist  Antenna  was  mounted  vertically  In  a lattice  struc- 
ture at  the  nominal  7.0  psi  peak  overpressure  level,  1135  ft  from  ground  zero  (GZ). 

The  lattice  structure  was  used  In  a previous  multi-ton  trial  ("Event  Dial  Pack"  held 
at  DRES  In  1970)  as  a mounting  for  a GRP  Topmast  [2].  The  lattice  structure  and 
mountings  for  the  Polemast  are  shown  In  Figure  2.  As  shown  In  the  figure,  the  distance 
between  the  clamp  assemblies  attaching  the  Polemast  to  the  lattice  structure  was  36 
In.  The  upper  clamp  assembly  was  In  accordance  with  drawing  DODS-000143  supplied  by 
DMCS-6  (a  change  In  this  design  Is  recummended,  as  noted  In  Appendix  A).  The  lower 
clamp  assembly,  as  shown  In  Figure  2,  was  different  from  that  specified  In  drawing 
DOOS-000157  supplied  by  DMCS-6.  Changes  to  this  assembly  were  Introduced  to  expedite 
assembly  In  the  field  (see  Figure  2,  Section  B-B).  The  modifications  to  the  lower 
clanq)  assembly  did  not  In  any  way  affect  the  structural  Integrity  of  the  Joint. 

The  lattice  structure  was  mounted  on  a 12  ft  x 6 ft  x 2.5  ft  heavy  rein- 
forced concrete  foundation  (DRES  drawing  MES-CDT-100-C2-1).  The  Polemast  and 
Antenna  components  were  assembled  while  lying  horizontal,  and  the  complete  assembly 
was  lifted  with  a crane  over  the  lattice  structure  and  lowered  Into  place.  After 
the  upper  and  lower  clamp  assemblies  were  secured,  no  further  adjustments  were 
required  since  the  upper  and  lower  mounting  plates  on  the  lattice  structure  were 
normal  to  the  uprights  and  parallel  to  the  level  of  the  concrete  pad.  The  complete 
Polemast  assembly  (excluding  the  lattice  structure)  weighed  approximately  348  pounds. 
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This  may  be  compared  to  the  weight  of  the  corresponding  Polemast  Antenna  for  ship 
use*  estimated  at  463  pounds.  The  difference  In  weight  Is  due  to  the  weight  of 
additional  clamps  and  cables  used  aboard  ship  which  were  considered  unnecessary  for 
tlie  blast  trial. 

A photograph  of  the  completed  prototype  Polemast  Antenna  installed  for 
the  Event  Dice  Throw  field  trial  Is  shown  In  Figure  3.  The  orientation  of  the 
Polemast  with  respect  to  the  direction  of  the  blast  is  shown  In  Figure  1.  As 
Indicated  In  the  figure,  the  fore-aft  line  of  the  Polemast  was  orientated  normal  to 
the  direction  of  the  blast,  thereby  resulting  In  the  maximum  blast  loading  on  the 
brackets  supporting  the  Radiators. 
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INSTRUMENTATION 


Five  pairs  of  MICRO-MEASUREMENTS  type  CtA-13-250UW-120  strain  gauges  were 
bended  directly  to  the  aluminum  tubing  of  the  prototype  Polemast.  The  strain  gauge 
locations  are  shown  In  Figure  1.  The  gauges  which  constitute  a strain  gauge  pair 
were  bonded  to  opposite  sides  of  the  aluminum  tubing  on  a line  corresponding  to  the 
blast  direction,  thereby  measuring  the  maximum  flexural  strain  at  the  specified 
cross-sections.  The  signals  from  the  strain  gauge  pairs  were  conditioned  with  bridge 
and  balance  units,  amplified,  F.M.  multiplexed  and  then  recorded  on  14  track  magnetic 
tape  with  a frequency  response  of  DC  to  4 KHz.  In  this  fashion,  five  channels  of 
experimental  data  were  multiplexed  onto  one  tape  channel,  a procedure  which  was 
required  by  the  large  number  of  ORES  data  channels  and  limited  number  of  tape 
recorders.  A block  diagram  describing  the  Instrumentation  Is  shown  In  Figure  4,  and 
a photograph  of  the  DRES  Instrumentation  Bunker  In  which  the  data  signals  were 
processed  and  recorded  Is  shown  In  Figure  5. 

In  addition  to  the  strain  gauge  data,  the  response  of  the  prototype  Polemast 
was  recorded  on  a LOCAM  high-speed  camera  pre-set  to  run  at  500  frames  per  second. 
Confirmation  of  the  camera  speed  was  arranged  through  the  use  of  a time  mark  generator. 
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COMPUTER  MODEL  SIMULATION 


A numerical  procedure  was  developed  at  ORES  to  predict  the  elastic  response 
of  a variable  cross-section  cantilever  beam  when  subjected  to  a transient  air  blast 
load  [I’j.  The  procedure  begins  with  the  Bernoulli -Euler  equation  of  a vibrating  beam. 
The  normal  modes  and  natural  frequencies  of  the  beam  are  determined  by  solving  the 
differential  equations  for  free  vibration  using  successive  relaxation,  Rayleigh  quotient 
and  6ram-Schrii1dt  orthogonal Izatl on  numerical  techniques.  The  forced  vibration 
solution  Is  obtained  using  norma!  mode  coordinates  and  Laplace  transforms. 

The  computer  model  simulation  used  In  pin-pi n-free  boundary  condition  of 

the  form 

(1)  £ln,  at  x-0,  zero  displacement  and  moment, 

(2)  £ln  at  x*3  ft,  zero  displacement,  (1) 

(3)  free  at  x*L,  zero  moment  and  shear. 


Nhere  x Is  a distance  coordinate  measured  from  the  base  of  the  antenna,  and  L Is  the 
length  of  the  antenna.  In  addition,  the  following  values  for  the  drag  coefficient 
Cq  were  used  In  computing  the  aerodynamic  drag  portion  of  the  blast  wave  loading  on 
the  antenna:  [3,  4]. 


C 


0 


0.7  , MzO.48,  Re»3xl05, 
0.6  , M<0.48,  Rei3xl05, 
1.2  , M<0.48.  Re<3xl05. 


(2) 


In  the  above  equation,  M Is  the  Instantaneous  Mach  number  of  the  flow  Incident  on 
the  antenna,  and  Re  Is  the  Instantaneous  Reynolds  number  (based  on  local  diameter). 

The  structure  of  the  Polemast  Antenna  was  represented  In  the  computer  model 
In  such  a way  as  to  simulate  the  mass  and  projected  (normal  to  blast  direction)  cross- 
sectional  area  profiles  of  the  prototype.  The  physical  features  which  describe  the 
prototype  Antenna  and  the  corresponding  computer  simulation  of  the  antenna  are 
respectively  outlined  In  Tables  1 and  2.  It  sfiould  be  noted  that  the  computer 
simulation  of  the  antenna  agrees  with  the  actual  structure  of  the  prototype  In  the 
following  critical  area:  weight  distribution,  total  weight,  projected  (normal  to 
blast  direction)  cross-sectional  area  dlstrlbutli.n,  and  total  projected  cross-sectional 
area. 
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COMPARISON  OF  THEORETICAL  AND  EXPERIMENTAL  NATURAL  FREQUENCIES 
TWANG  TEST 

Prior  to  the  blast  trial,  a "Twang  Test"  was  performed  to  obtain  free 
vibration  strain  data  for  the  prototype  Polemast.  A static  load  was  applied  near  the 
top  of  the  antenna  using  an  anchored  wire  rope  at  a pull  angle  of  30^  to  the  horizontal. 
The  load  was  subsequently  released  electrically  and  the  strain  data  for  free  vibration 
was  recorded.  The  experiment  was  performed  to  determine  the  natural  frequencies  of 
the  antenna  and  to  verify  the  test  Instrumentation. 

A photograph  of  the  Twang  Test  apparatus  Is  shown  In  Figure  6.  The  apparatus 
consisted  of  a 1/4  In  wire  rope  attached  to  a bracket  at  the  top  of  the  Polemast  and 
anchored  to  a truck,  a 6000  lb  capacity  L.A.B.  Corp.  Quick  Release  Hook,  a hand- 
operated  mechanical  winch  to  take  up  slack  In  the  system,  a hydraulic  (pull)  cylinder 
for  fine  load  adjustments,  and  a Transducers  Inc.  strain-type  load  cell  (model  ML2-151- 
IK)  with  a Budd  strain  Indicator  readout  (model  P-350)  to  measure  the  applied  load. 

The  applied  load  was  monitored  locally  with  the  load  cell  while  the  bending  strains 
as  measured  by  the  strain  gauges  bonded  to  the  antenna  were  recorded  remotely  In  the 
Instrumentation  Bunker. 

A comparison  of  predicted  and  measured  peak  bending  strains  (prior  to  the 
electric  release  of  the  load  on  the  antenna)  Is  presented  In  Table  3.  The  predicted 
strains  were  found  to  be  In  good  agreement  with  the  values  obtained  experimentally. 

The  load  on  the  antenna  was  released  electrically  and  the  bending  strain 
data  for  free  vibration  were  recorded  In  the  Instrumentation  Bunker.  In  this  fashion 
It  was  possible  to  establish  that  the  field  Instrumentation  was  operational. 

A Fourier  analysis  was  subsequently  performed  for  the  experimental  strain 
data  to  determine  the  natural  frequencies  of  the  antenna.  The  free  vibration  strain 
history  and  corresponding  Fourier  analysis  for  gauges  3 and  5 are  presented  Irj 
Figures  7 and  8.  The  lowest  natural  frequency  Is  sharply  Identified  as  4.00  cps  by 
the  Fourier  analysis,  while  the  higher  natural  frequencies  are  less  distinct  or  not 
apparent.  The  best  resolution  of  the  higher  natural  frequencies  occurs  for  the 
gauge  located  closest  to  the  centre  of  the  antenna,  gauge  5.  and  only  a weak  band  of 
Indistinct  higher  frequencies  In  the  range  19.7  to  32.1  cps  Is  apparent. 

The  theoretical  (numerical  simulation)  predictions  for  the  three  lowest 
natural  frequencies  and  corresponding  normal  modes  are  presented  In  Figure  9,  and  a 
comparison  of  theoretical  and  experimental  natural  frequencies  Is  presented  In  Table 
4.  It  is  apparent  from  this  comparison  that  the  predicted  frequencies  are  In  good 
agreement  with  the  values  obtained  experimentally. 
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COMPARISON  OF  THEORETICAL  AND  EXPERIMENTAL  BENDING  STRAIN  HISTORIES 


EVENT  DICE  THROW 

The  theoretical  (numerical  simulation)  model  was  used  to  generate  two  sets 
of  bending  strain  predictions.  The  first  predictions  (set  A)  were  produced  using  a 
Friedlander  overpressure  wave  which  corresponds  to  the  nominal  Defense  Nuclear  Agency 
(DNA)  pre-trial  predictions  for  peak  overpressure  (7.0  ps1)»  positive  duration  (242 
msec)  and  positive  phase  Impulse  (600  psl-msec).  The  second  predictions  (set  B)  were 
produced  using  a Friedlander  overpressure  wave  which  corresponds  to  the  average 
measured^  peak  overpressure  (6.6  psi),  positive  duration  (251  msec)  and  positive  phase 
Impulse  (705  psi-msec)  of  the  blast  wave  Itself. 

A comparison  of  the  above  two  overpressure  waves  Is  presented  In  Table  5 
and  Figure  10.  It  should  be  noted  that  despite  the  lower  peak  overpressure  In  the 
experimental  Friedlander  wave,  the  total  Impulse  associated  with  the  experimental  wave 
Is  approximately  18X  higher  than  the  corresponding  Impulse  of  the  predicted  wave. 

A comparison  of  theoretical  (numerical  simulation)  and  experimental  (blast 
trial)  strain  histories  for  the  two  sets  (A  and  B)  of  bending  strain  predictions  Is 
presented  in  Figures  11  and  12.  The  comparison  for  prediction  set  6 Is  repeated  In 
Figures  13  to  17  In  an  enlarged  format;  In  general,  the  predicted  strains  are  found 
t*  he  In  excellent  agreement  with  the  experimental  strains. 

The  strain  predictions  B are  somewhat  larger  than  predictions  A,  a result 
d.  to  the  larger  positive  phase  Impulse  over  the  first  guarter  period  (63  msec)  In 
B ww.npared  to  A. 

The  very  SRk.ll  bending  strains  measured  by  gauge  1 and  the  corresponding 
small  redlcted  strain  at  this  location  provided  experimental  verification  of  the 
assunv’d  "pin"  boundary  condition  (zero  displacement  and  moment)  at  the  base  of  the 
simu.  v^id  antenna. 

As  expected,  the  largest  predicted  and  measurco'  strains  occur  at  gauge  3. 
located  slightly  above  the  upper  clamp  assembly. 

Finally,  It  Is  noted  that  the  predicted  strains  for  gauge  5 display 
excessively  strong  contributions  from  the  second  natural  frequency  (25.5  cps)  and 
normal  mode  compared  to  the  measured  strain  history  at  this  location.  Although  the 
measured  strain  history  at  this  location  begins  with  a superimposed  strain  component 


The  free-fleld  overpressure  at  the  base  of  the  antenna  was  measured  using  four 
Bytrex  Model  HFH-100  strain-type  pressure  transducers  [3].  The  "measured" 
overpressure  wave  properties  were  considered  to  be  the  average  of  the  properties 
determined  by  the  Individual  pressure  transducers. 
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correspond 1n9  to  the  second  neturel  frequency,  the  superimposed  component  rapidly 
diminishes  with  time,  demonstrating  strong  selective  damping  of  the  second  mode 
compared  to  the  fundamental  mode.  Since  the  numerical  simulation  model  has  no 
provisions  for  demping.  the  second  mode  In  the  strain  predictions  does  not  diminish 
with  time.  This  accounts  for  the  observed  differences  between  the  predicted  and 
measured  strains  at  gauge  S.  The  differences  would  be  reduced  significantly  If  the 
numerical  simulation  model  was  extended  to  Include  the  effects  of  damping. 

A general  evaluation  of  the  ability  of  the  numerical  simulation  model  to 
predict  peak  bending  strains  is  presented  In  Table  6.  It  Is  apparent  from  this  table 
that  there  Is  excellent  agreement  between  predicted  and  experimental  peak  bending 
strains,  since  the  average  ratio  of  peak  theoretical  to  experimental  bending  strain 
from  all  five  gauge  pairs  Is  1.19  for  predictions  A and  1.25  for  predictions  B. 


SUPPLEMENTAL  CXPERIMENTS 


SIMPLIFIED  ANTENNA  SIMULATION 


A third  set  of  strain  predictions  (set  C)  was  produced  to  determine  the 
effect  of  the  mass  of  the  antenna  assemblies  (Lower  and  Upper  Radiator,  SRD-501  Antenna) 
on  the  transient  response  of  the  PoUmast  in  general.  The  structure  of  the  simulated 
antenna  in  this  case  was  assumed  to  be  the  same  as  the  structure  described  in  Table  2, 
with  the  exception  of  the  interior  diameter  profile  (ID)  which  was  changed  to  8.978 
in  at  all  positions  along  the  antenna.  This  change  was  equivalent  to  neglecting  the 
mass  of  the  antenna  assemblies  and  including  only  the  unifo'.m  rmss  distribution  uf  the 
aluminum  tubing.  In  all  other  regards,  this  simulation  experiment  was  identical  to  the 
previous  prediction  experiment  A. 

A comparison  of  strain  prediction  set  C against  the  measured  natural 
frequencies  and  bending  strains  is  presented  in  Figure  18  and  Table  7.  It  is  apparent 
from  this  comparison  that  the  natural  frequencies  and  bending  strains  C are  consid- 
erably poorer  than  the  corresponding  predictions  A which  were  obtained  using  a more 
realistic  simulated  mass  profile.  This  demonstrates  the  critical  importance  of 
having  the  computer  mass  profile  simulation  agree  with  the  actual  structure  of  the 
antenna. 

VOLTAGE  STANDING  WAVE  RATIO  TEST 

Tests  were  performed  beforo  and  after  the  blast  trial  to  determine  the  effect 
of  the  blast  wave  on  the  Voltage  Standing  Wave  Ratio  (VSWR)  of  the  fibreglass  covered 
Radiator.  Only  the  Lower  Radiator  was  evaluated,  since  the  Upper  Radiator  was  a 
mock-up  unit.  The  pre-trial  and  post- trial  VSWR  tests  were  conducted  by  the  OMCS-6 
Project  Officer  on  30  September  and  6 October,  1976  [4].  Additional  information 
relating  to  the  VSWR  measurement  techniques  and  equipment  may  be  obtained  from  the 
OMCS-6  Project  Officer. 

The  pre-shot  and  post-shot  VSWR  test  results  are  shown  in  Figure  19. 
Calculations  for  the  VSWR  versus  frequency  are  shown  in  Figure  20.  It  should  be  noted 
that  the  pre-shot  VSWR  test  was  performed  without  the  Screen  (Drawing  Number  000-000145) 
while  the  post-shot  test  was  performed  with  the  Screen  in  place.  However,  the  presence 
or  absence  of  the  Screen  was  found  to  have  no  influence  on  the  VSWR  test,  since  a 
further  post-shot  VSWR  test  without  the  Screen  produced  results  imperceptibly  different 
from  the  post-shot  VSWR  test  with  the  Screen  in  place. 

It  is  apparent  from  the  VSWR  measurements  and  comparisons  in  Figures  19  and 
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20  that  the  blast  wave  caused  no  Imaedlate  deterioration  In  the  electrical  performance 
of  the  Lower  Radiator.  In  addition,  a visual  Inspection  of  the  Lower  Radiator 
Indicated  no  evidence  of  physical  damage  arising  from  the  blast  wave. 

CROSS-ARM  DEFLECTION  TEST 

At  the  request  of  the  Polemast  design  authority,  a simple  bending  test  was 
conducted  on  the  Cross-Arm  Assembly  (Drawing  DDDS-0C0146)  located  at  the  Hast  Head. 

The  test  was  performed  to  determine  the  load  versus  deflection  on  one  of  the  four 
arms,  the  yield  point  of  the  arm,  and  the  corresponding  arm  safety  factor. 

The  apparatus  consisted  of  a 1/2  In  wire  rope  attached  to  one  of  the  four 
arms  (the  attachment  point  was  a hole  In  the  web  on  the  arm,  16  In  from  the  mast 
centreline)  and  anchored  to  a bolt  In  the  concrete  base  (loading  was  normal  to  the 
arm),  a tumbuckle  to  apply  the  load,  and  a Transducer  Inc.  strain-type  load  cell  (model 
BTC-FM52-C0-10K)  with  a Budd  strain  Indicator  <^adout  (model  P-350)  to  measure  the 
applied  load. 

The  results  from  this  test  are  presented  In  Table  8.  In  the  first  loading 
application,  the  cross-arm  demonstrated  a linear  load-deflection  behavior  up  to 
3500  lb,  and  the  arm  retained  a permanent  deflection  of  1/4  In  on  release  of  the 
load.  A similar  linear  relationship  (up  to  3500  1b)  was  apparent  In  a second 
loading  application,  and  increasing  the  load  to  6000  1b  resulted  In  a p.^manent 
deflection  of  7/8  In  on  release  of  the  load.  No  other  deformation  of  the  assembly 
was  apparent. 

It  was  concluded  that  the  cross-arm  yield  point  Is  In  the  .Icinity  of 
3000  1b  (vertical  load)  and  the  arm  Is  capable  of  withstanding  a vertical  load  of 
6000  1b  with  only  a small  amount  of  permanent  deformation. 
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CONCLUSIONS 


The  blast  response  of  a 23  ft  UHF  Polemast  Antenna  mos  Investigated  In  a 
free-flold  blast  trial  and  In  numerical  simulation  experiments.  The  Polemast  Antenna, 
complete  with  fibreglass  covered  radiators,  satisfactorily  withstood  the  air  blast 
loading  at  the  nominal  7.0  psi  peak  overpressure  location  In  Event  Dice  Throw.  The 
corresponding  antenna  response  was  modelled  numerically,  and  the  computed  natural 
frequencies  and  transient  strains  were  In  excellent  agreement  with  the  values  obtained 
experimentally.  Subject  to  an  accurate  numerical  simulation  of  the  antenna's  mass 
and  projected  (normal  to  blast  direction)  cross-sectional  area  profiles,  the  computer 
model  Is  recommended  as  a design  tool  In  the  development  of  polemast  designs  In 
general . 
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* (ft) 


ID*(1n) 

00*(1n) 

0D*(1n) 

8.978 

9.  SCO 

9.500 

8.978 

9.500 

9.500 

8.978 

9.500 

9.500 

8.978 

9.500 

22.81** 

8.978 

9.500 

8.978 

9.500 

22.81* 

8.978 

SRD-501 
Antenna 
(19.58  to 
22.83  ft) 

SRD-501 
Antenna 
(19.58  to 
22.83  ft) 

25.75® 

Height  (1b) 


26.84^24.0 

26.8424.0** 

26.8 

26.8437.0* 
13.4 
89.  OP 

348  ToUl 


Distance  froa  the  msc  of  the  antenna. 

i 

This  profile  corresponds  to  the  extruded  aluRinun  tubing. 

^Thls  profile  corresponds  to  the  complete  antenna  (tubing  plus 
antenna  asseablles). 

Lower  Radiator. 

5 

Upper  Radiator. 

i 

SRO-501  Antenna. 

E - 10x10*  psi 
p ■ 0.003044  s1ugs/1n^ 


TABLE  1;  Physical  features  of  the  prototype  Poleaast  Antenna 


— 

x\ft) 

ID^In) 

OD^(ln) 

OD^In) 

Weight  (1b) 

7 

0 

7 

8.978 

9.500 

9.500 

26.8 

3 

8.978 

9.500 

9.500 

26.8 

6 

8.978 

9.500 

9.500 

4 

4 

50.8 

9 

7.950 

9.500 

17.22 

4 

50.8 

12 

8.978 

o 

o 

L 

9.500 

5 

s 

35.9 

15 

8.600 

9.500 

13.36 

5 

5 

45.1 

18 

8.600 

9.500 

13.36 

52.4® 

21 

7 

8.290 

9.500 

10.08® 

6 

6 

59.6 

24 

8.290 

9.500 

10,03 

348  Total 

Distance  from  the  base  of  the  antenna. 

2 

This  profile  Is  calculated  to  establish  the  correct  mass  distribution, 
assuming  a fixed  OD  equal  to  that  of  the  seamless  extruded  aluminum 
tubing  which  constitutes  the  primary  structural  portion  of  the  antenna. 

3 

This  profile  Is  calculated  to  establish  the  correct  projected  (normal 
to  blast  direction}  cross-sectional  area  distribution. 

Includes  a contribution  from  the  Lower  Radiator. 

c 

Includes  a contribution  from  the  Upper  Radiator. 

6 

Includes  a contribution  from  the  SRD-501  Antenna. 

^ Boundary  conditions;  p1».  at  x-0  ft,  pin  at  x"3  ft,  free  at  x“24  ft. 

E ■ 10x10®  psi 
p “ 0.003044  slugs/1n^ 
ax  - 3 ft 
N - 8 
L - 24  ft 


TABLE  2;  Physical  features  of  the  computer  simulation  of  the  prototype 
Polemast  Antenna.  The  calculated  profiles  in  this  table  are 
dependent  on  the  distance  between  data  points  (ax). 
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Gauge 

Bending  Strain  (p1n/1n)^ 

Cable  Load  Is  808  lb 

Predicted 

2 

Measured 

Pred./Meas. 

1 

68 

43 

1.58 

2 

408 

328 

1.24 

3 

817 

771 

1.06 

4 

743 

767 

0.97 

5 

371 

400 

0.93 

Avg.  1.16 

The  cable  load  of  808  1b  ms  applied  to  the  antenna  at  a pull 
angle  of  30"  to  the  horizontal.  The  corresponding  horizontal 
component  of  the  load  was  700  1b.  This  loading  was  reached 
In  three  approximately  equal  stages.  The  horizontal  deflection 
at  the  top  of  the  mock-up  SRD-501  Anten>ia  corresponding  to  the 
808  lb  cable  load  was  3.5  In  (measured  using  a transit*  5X 
reading  uncertainty). 

The  bending  strains  were  recorded  1n  the  Instrumentation  Bunker 
using  the  same  procedures  to  be  followed  In  the  blast  trial 
itself. 


TABLE  3:  Twang  Test  bending  strains  prior  to  the  electric  release 
of  the  load. 
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Mode 

Natural  Frequencies  (cps) 

Theoretical 

Experimental 

Theo./Exp. 

1 

4.62 

4.00 

1.16 

2 

25. S 

24.1  ' 

1.06 

3 

72.4 

— 

— 

I 

I 


This-  vaIuc  represents  an  average  nf  Indistinct  frequencies 
which  appear  in  band  over  the  range  19.7  to  32.1  cps. 


TABLE  4;  A comparison  of  theoretical  (numerical  simulation)  and 
experimental  (Twang  Test)  natural  frequencies  for  the 
Polemast  Antenna. 


Symbol 

Description 

Set  A 

Set  B 

(psi) 

atmospheric  pressure 

12.58 

12.42 

Ta  (“F) 

atmospheric  temperature 

54.0 

48.0 

Pq  (psi) 

peak  overpressure 

7.0 

6.6 

tj  (msec) 

positive  phase  duration 

242 

251 

Iq  (psi-fflsec) 

2 

positive  phase  Impulse 

600 

2 

705 

2 

K (computed) 

Friedlander  decay  constant 

1.127 

0.505 

At  (msec) 

time  step  In  the  numerICL’ 
Integration  ^ 

1.00 

1.00 

i The  numerical  simulation  of  the  time  response  Is  formed  using  only 

: the  lowest  3 natural  frequencies  and  corresponding  normal  modes. 

f ■ 

2 

The  decay  constant  Is  computed  based  on  the  condition  that  the 
j Friedlander  wave  be  characterized  by  the  specified  values  of  p_, 

[ “ ° 


1;  ' TABLE  5;  Air  blast  data  used  In  the  tiieoretlcal  (numerical  simulation) 

} \ model  to  generate  prediction  sets  A and  B. 


2 

Blast  trial  data  reported  In  Table  6. 


TABLE  7;  Comparison  of  strain  prediction  set  C against  the 
measured  natural  frequencies  and  bending  strains. 
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First  Loading 

Second  Loading 

Load^lb) 

0eflect1on1(1iJ 

Load^lb) 

Deflect1on*(1n) 

100 

0 

100 

0 

1000 

1/4 

1000 

1/4 

2000 

1/2 

2000 

1/2 

3000 

3/4 

3000 

3/4 

4000 

1-1/16 

4000 

7/8 

100 

3/4 

5000 

1-5/16 

6000 

1-5/8 

100 

7/8 

The  load  ms  MHSured  by  « 1o«d  cell  and  Is  accurate  to  O.lJ. 

***  laeasured  by  hanging  a weight  from  the 
cross-arw  and  masuring  the  vertical  displacement  of  the  weight 
l/lIT*)^  ("leasurement  uncertainty  Is  of  the  order  of  ^ 


table  8:  Cross>ana  deflection  test. 


FI6.  3 PHOTOGRAPH  OF  THE  l»ROTOTYPE  POLEMAST  ANTENNA 


Vi;,:  mm 

IN  EVENT  DICE 


FIG.  6 PHOTOGRAPH  OF  THE  T\<ANG  TEST  APPARATUS 
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NCWINAL  VS*  EXPERIMENTAL  OVERPRESSURE 


FIG.  10  COMPARISON  OF  THE  FRIEDLAWO  WAVE  MHICH  CORRESPONDS  TO  THE  PRE-TRIAL  DNA  f 

0V£(9>RESS0RE  PREDICTIONS  ADAINST  THE  FRIEOlANDER  HAVE  WHICH  CORRESPONDS  TO 

Mom  unfamnuL  overpressure  measurements 

i 

■V 
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FIG.  13  COMPARISON  OF  BCNOIKO  STRAIN  PREOiaiONS  B(DASHED  LINES)  AGAINST  THE 
STRAINS  (SOLID  LINES)  AT  GAUGE  LOaTION  1 


MICR05TRAIN 


ijilv  *.;■ 


■^1*'  ' "T 


FIG.  14 


OWAftlSON  OF  SENDING  STRAIN  PREDICTIONS  B (DASHED  LINES)  AGAINST  THE  NEAT-URED 
STRAINS  (SOLID  LINES)  AT  GAUGE  LOCATION  2 
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FIG.  20  m-TRl/a  AND  POST-TIIAL  CAL'^ULATED  VALUES  OF  m VSW  VERSIS  FREqUENCY 


AyPEHDlX  A 


PROTOTYPE  UHF  POLfWAST  AWTENNA  DCS16H  HODIFICATIOWS 

During  tht  fabrication  of  tha  tiroto^ypa  PolaMSt  at  ORES.  <l«s1gn  andlflca- 
tlons  Mrt  rrquirtd  In  ordtr  to  accwodita  tha  facllltlas  of  tha  Machine  Shop  (the 
ORES  Machine  Shop  Is  considered  to  be  m11  equipped).  It  Is  antldpatad  that  the 
suggested  design  changes  will  generally  eakc  tha  Itaa  aore  cost  effective  and  open 
to  a greater  nuaber  of  fabricators  during  the  tendering  for  the  lot  production. 

The  design  aodificatlons  are  sunaarized  below  In  tabular  fora.  A Justifi- 
cation for  the  Individual  aodificatlons  Is  conslderti  1'«v«d1ately  following  the  table. 


Description 

Drawing  No. 

Modification 

(a)  Top  Inside  Flange  Ring 

OOOS-000147 

- sec  Figure  Al 

(b)  Poloaast  Ualdarat 

Assaably 

DOOS-000159 

t 

- aaterlal  change 

- delete  aachining  on  the  00 
and  ID  of  the  aast 

(c)  Screen 

000-000145 

- delete  welding  and  assaable 
by  riveting 

- replace  round  bar  stock 
with  square 

(d)  Claap  Assaably 

DOO-000143 

- see  the  footnote 

(c)  Tolerance 

- soe  the  footnote 

TABLE  Al:  UHF  Pc'eaast  Antenna  design  aodificatlons. 

(a)  Mel^iing  the  bottoa  face  of  the  flange  os  shown  In  the  drawing  to  the 
Inside  diaaeter  of  the  tube  was  not  possible.  In  addition,  to  ensure  a flat  surface 
without  aachining  the  top  face  of  the  flange.  It  was  necessary  to  design  a aounting 
as  shown  In  Figure  Al. 

(b)  The  original  aaterlal  specification  was  6061-T6  elualnua  with  a 1/4  In 
wall  and  a 9-1/2  In  outside  diaaeter  (00).  Based  on  the  reconaandatlon  of  an  Alcan 
representative  and  a prellninary  stress  analysis  [5],  the  aaterlal  was  changed  1» 


6351-T6  eluminum.  A 9-1/2  In  OD  by  1/4  in  wall  extrusion  was  not  available  In 
Canada.  The  closest  acceptable  substitut^e  was  a 9-1/2  in  Od  by  0.261  in  wall 
extrusion  die. 

Machining,  as  specified  on  the  drawing  was  deleted  since  a lathe  of 
sufficient  size  was  not  available.  This  should  be  considered  a permanent  modification 
since  the  dimensions  of  the  top  clamp  can  accomnodate  the  tolerance  of  seamless 
extruded  tubing  as  spacified  by  the  Aluminum  Association,  and  the  bottom  and  top 
rings  can  be  machined  to  suit  the  tube. 

It  should  be  noted  that  tube  ovality  was  removed  both  when  determining  the 
diameter  by  the  use  of  ”C"  clamps  and  when  fitting  the  bottom  ring  to  the  tube.  Heat 
distortion  in  welding  the  ring  to  1:he  tube  produced  a 0.020  in  ovality  in  the  ring. 

This  did  not  cause  a problem  with  assemjiy.  Complete  circumferential  seating  was 
achieved  when  the  Polemast  was  mounted  into  the  lower  clamp. 

(c)  Welding,  as  specified  in  the  drawing,  was  unacceptable  due  to  heat 
distortion.  Substituting  a heavier  gauge  material  did  not  resolve  the  welding  heat 
distortion  problem.  Following  are  the  design  modifications  which  resolved  the  problem: 
(i)  replace  20  gauge  material  with  14  gauge;  (ii)  replace  round  stock  with  1/4  in 
square  stock  (cold  rolled  steel  was  used  in  place  of  606.’  -TS  AL  as  the  AL  was  not 
available  in  time  for  the  trial);  and  (iii)  welding  was  replaced  with  riveting, 
using  1/8  in  diameter  by  7/16  in  long  16  ST  AL  rivets  on  a 1/2  in  p^  :h.  All 
surfaces  were  zinc  chroma vtd  before  assembly. 

(d)  Clamp  Assembly  was  fabricated  according  to  the  drawing.  However,  due 
to  the  large  heat  distortion  caused  by  welding  (approximately  1/16  in  on  the  9-1/2 

in  diameter  and  3/32  in  curvature  on  the  flange),  the  following  design  modifications 
are  reconmended:  3/8  in  thick  material  should  be  used  f^r  the  collar,  and  3/4  in 
plate  should  be  used  for  the  flange  (machined  perpendicular  to  the  9-1/2  in  diameter 
after  welding). 

(e)  Based  on  modification  (b)  described  above,  items  such  as  the  Clamp 
Assembly,  Top  Inside  Flange  Ring,  and  Bottom  Ring  could  have  looser  tolerances  to 
accommodate  the  tube  as  suppliel.  The  following  information  was  determined  for  a 
random  sample  of  aluminum  tubes  taken  from  the  25  20-ft  (nomonal)  lengths  (measure- 
ments at  32°F):  minimum  OD  - 9.507  in,  maximum  OD  - 9.548  in,  minimum  wall  thickness 
- 0.248  in,  maximum  wall  thickness  OD  - 0.271  in.  It  Is  noted  that  the  above  dimen- 
sions are  will  within  the  allowable  specifications  for  seamless  extruded  tubing,  as 
specified  by  the  Aluminum  Association. 
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APPENDIX  B 


PHYSICAL  PROPERTIES  OF  THE  POLEMAST  ANTENNA  ALUMINUH  TUBING 

The  structural  portion  of  the  prototype  Polenast  Anteni^tn  Is  a seamless 
aluminum  tube  of  length  19  ft  7.5  In.  This  tubing  was  fabricated  by  Alcan  Canada 
Products  Ltd.  according  to  Department  of  Supply  and  Services  Contract  No.  CAL75-5942/1 
[6].  Following  Is  a summary  of  the  physical  and  chemical  properties  of  the  aluminum 
tubing,  as  provided  by  an  Alcan  "Release  Note  and  CertlficKte"  [7]: 

Material:  6351-T6  alumlnun  extruded  seamless  tubing  with  ^ 0.261  In  wall  and 
9.5  In  outside  diameter,  supplied  In  nominal  ';;j>ft  lengths.  Total 
weight  of  the  25  pieces  supplied  was  4430  H. 

Alcan  Order  Number:  11-76-02595. 

Consignee:  WlIVTnson  Co.  Ltd.,  Calgary,  Albert*. 

liientJficatlon:  12-47-209. 

Tensile  Strength  (psi):  49,300. 

Yield  Stress  (psi):  45,000  (0.2X  offset). 

Elongation  (X):  14. 

Gauge  (In):  2. 

Chemical  Compositions  Limits  (t  weight): 

Other 

A1  Cu  Fe  Mg  Mn  N1  $1  n Zn  Cr  Zr  Each  Total  Fe  * SI 

Max.  .10  .50  .8  .8  1.3  .20  .20  .05  .15 

Min.  .40  .40  ./ 


In  order  to  obtain  conflrs^ition  of  the  tensile  properties  of  the  aluminum 
tubing  In  the  prototype  Polemast,  four  test  specimens  were  machined  from  the  4.5  1n 
surplus  piece  which  was  removed  to  bring  the  tube  to  Its  design  length.  The  specimens 
were  fabricatea  according  to  ASTM  standard  A370-71  for  round  tension  test  specimens. 
The  tests  were  performed  and  cerxlfled  by  R.M.  Hardy  and  Associates  Ltd.,  Metalurgical 
Division,  Calgary.  Tensile  properties  of  the  specimens  are  outlined  below  In  tabular 
form  [8].  It  may  be  concluded  from  this  table  that  the  aluminum  tubing  rneets  or 
exceeds  the  manufacturer's  specifications  lor  tensile  properties  of  6351 -V6  aluminum. 
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Specimen  dewinsions; 

Specimens  Mere  cut  parallel  to  the  longitudinal  axis  of  the  tube 

Gauge  length:  0.750  In 

Gauge  diameter;  0.160  In 

Specimen  overall  length:  4.5  In 

Grip  section  diameter:  .25  In 

Grip  section  thread:  20  threads/ In 


Specimen  Number 


3 


Average 


Ultimate 

51.650 

51.083 

51.243 

50.845 

51,205 

Yield  » 

48.058 

46.851 

47,263 

47.263 

47,358 

0.2«  offset 


TABLE  Bl: 


Tensile  tests  on  6451-T6  aluminum  tubing. 


ABSTRACT 


Some  experimental  results  are  presented  for  the  response  of  a 30  feet 
high  lattice  mast  structure  to  air  blast  loading  In  the  600  ton  AN/FO  (ammonium 
nitrate  - fuel  oil)  explosion  known  as  Event  Dice  Throw  which  was  held  In 
October.  1976  at  the  White  Sands  Missile  Range,  New  Mexico,  U.S.A.  The  tubular 
seamless  steel  mast,  with  an  eccentric  side  antenna  responded  In  the  elastic 
range  under  a free-fleld  overpressure  of  10  psi.  No  permanent  deformations  of 
the  structure  were  observed.  Analysis  of  the  data  generated  has  shown  that 
there  Is  a good  agreement  between  measured  results  (both  static  and  dynamic) 
and  results  predicted  using  a design  procedure  and  associated  computer  code 
developed  by  Hartec  Limited,  Ocean  Science  and  Engineering  Consultants,  Halifax, 
Nova  Scotia,  Canada,  thereby  validating  the  procedures.  Previously  established 
analysis  procedures  developed  by  Defence  Research  Establishment  Suffleld, 
Alberta,  Canada,  (ORES)  also  produced  an  acceptable  correlation  between 
theoretical  and  experimental  strains.  In  both  cases  the  DRES  computer  code 
TDCCP  (Transient  Drag  on  Circular  Cylinders  and  Plates)  was  used  and  has  been 
shown  to  provide  very  reasonable  air  blast  loading  for  the  theoretical  analysis. 


1 . INTRODUCTION 


1.1  OBJECTIVES 

The  purposes  of  this  work  ere  to  determine  the  blast  resistance  of  a 
lattice  antenna  mast  which  has  been  constructed  In  accordance  with  a computerized 
design  procedure  developed  by  Martec  Limited  (formerly  Can  Plan  Oceanology  Ltd.) 
and  compare  the  theoretical  predictions  with  the  experimental  results  thereby 
validating  this  procedure  and  hence  finalizing  the  development  of  an  engineering 
design  standard  for  lattice  antenna  mast  structures  presently  used  on  Canadian 
naval  ships. 

1.2  BACKGROUND 

This  report  represents  the  culmination  of  the  studies  carried  out  by 
Mechanics  Research  Incorporated  (MRI),  Royal  Military  College  of  Canada,  Defence 
Research  Establishment  Suffleld  (ORES)  and  Martec  Limited  on  the  design  and 
testing  of  shipboard  lattice  antenna  masts  currently  used  by  the  Maritime  Branch 
of  the  Canadian  Forces.  The  overall  aim  of  the  project  was  to  develop  a computer 
based  deslgn/analys'.s  standard  for  such  stru  tures  which  would  yield  a more 
efficient  design  In  a shorter  time  In  comparison  to  the  older  manual  procedures. 

Three  simulated  model  lattice  antenna  masts  were  analytically  designed 
by  Mechanics  Research  Incorporated  and  exposed  to  air  blast  loading  In  Operation 
Prairie  Flat.  The  results  of  this  study  are  presented  In  Reference  1.  Royal 
Military  College  of  Canada  meanwhile  was  considering  the  preliminary  design  phase 
of  the  problem.  The  experimental  results  obtained  In  Event  Dial  Pack  were 
reported  and  compared  with  those  obtained  In  Operation  Prairie  Flat  In  Reference 
2.  Standard  finite  element  techniques  were  used  to  calculate  the  dynamic  response 
of  the  structures  and  It  was  found  that  calculated  stresses  were  generally  about 
two-thirds  as  large  as  those  obtained  experimentally  (Reference  3),  a discrepancy 
attributed  to  Inadequate  definition  of  the  structural  loading  as  used  In  the 
transient  response  analysis.  A final  report  outlining  a systematic  air  blast 
analysis  procedure  along  with  analytical  procedures  to  be  considered  for  prediction 
of  response  due  to  underwater  shock  concluded  the  ORES  program  (Reference  4)  at 
the  and  of  1974. 

A further  contract  for  development  of  an  engineering  design  standard 
was  let  to  Can  Plan  Oceanology  who  created  a design  standard  (Reference  5)  and 


2 


dtsigned  a wodil  mast  (Rtf trance  6)  to  be  exposed  to  a 10  psi  overpressure  air 
blast  loading  In  Event  Dice  Throw. 

This  report  presents  sotw  of  the  results  obtained  from  Event  Dice 
Throw  and  compares  the  experimental  results  with  both  the  theoretical  values 
provided  by  MartK  Limited  (formerly  Can  Plan)  and  the  theoretical  values 
provided  by  Beta  Machinery  Analysis  Ltd.  who  utilized  the  former  ORES  analysis 
techniques.  Transient  drag  loading  functions  for  both  programs  were  generated 
using  the  ORES  program  TOCCP  (Transient  Drag  on  Circular  Cylinders  and  Plates). 


2.  DESCRIPTION  OF  THE  TEST  STRUCTURE 


A photograph  of  the  30  foot  nvist  is  shown  In  Figure  1.  The  mast  was 
nnuntcd  on  a 27*  x 15'  x 5.5'  reinforced  concrete  base  and  ><as  constructed  of 
seamless  tubular  steel  pipe  with  nominal  pipe  diameters  ranging  from  2 to  3 1/2 
Inches.  The  structure  weighed  about  7000  Ibf..  The  cylinder  members  terminating 
at  a Joint  are  silt  at  the  ends  and  gusset  plates  connecting  adjacent  members 
are  Inserted.  All  connections  are  welded.  The  front  of  the  most  faced  the 
point  of  blast  origin  since  this  orientation  was  arsumed  to  yield  maximum 
response  to  blast. 

On  previous  tests*  modeling  the  antenna  was  a very  difficult  task  due 
to  the  complex  Interaction,  shading  and  solidity  effects  created  by  the  closely 
spaced  cylindrical  members.  To  eliminate  this  problem  a flat  plate  for  which 
the  drag  loading  Is  well  known  was  ufed  to  simulate  the  antenna  component. 
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3.  EXPERIMENTAL  PROCEDURE 


The  30  foot  mast  was  located  at  a free-fleld  overpressure  of  10  psi. 
Free-field  overpressures  at  the  base  of  the  mast  were  measured  with  three  piezo- 
electric transducers.  Drag  pressures  on  cylindrical  models  were  recorded  at 
the  same  overpressure  location. 

Three  accelerometers  were  placed  on  the  mast  to  record  rectilinear 
accelerations  in  the  vertical  and  horizontal  directions  as  well  as  rocking 
accelerati :in  in  the  blast  direction.  The  motion  of  the  mast  in  the  blast 
direction  was  recorded  using  a high  speed  camera.  Axial  and  bending  strains 
were  recorded  for  members  on  the  mast,  mast  support  and  antenna;  the  thirty- 
eight  positions  are  shown  in  Figure  2.  The  bending  strain  gauges  were  located 
on  tubular  members  a few  inches  from  joint  gussets,  recording  bending  in 
directions  both  parallel  and  perpendicular  to  the  blast  travel. 

All  data  signals  were  conditioned  and  then  recorded  on  14  track  Ampex 
tape  recorders.  Combined  bridge  supply  and  signal  conditioning  amplifiers  were 
used  on  all  strain  gauges  ?nd  accelerometers.  All  pressure,  acceleration  and 
strain  data  were  multiplexed  in  groups  of  five  and  recorded  on  tape  channels 
using  a constant  frequency  bandwidth  division  system  which  limited  frequency 
response  to  4000  Hz. 

A static  free  vibration  test  (S/FV)  was  performed  on  the  mast  prior 
to  the  blast  test  to  check  out  the  instrumentation  mounted  on  the  mast  and  the 
associated  recording  channels,  to  check  the  linearity  of  the  mast  response,  to 
compare  the  measured  experimental  strains  with  the  theoretical  predictions  for 
a static  load  in  order  to  confirm  the  validity  of  the  mathematical  mast  model, 
and  to  record  the  natural  frequencies  of  the  mast.  To  perform  these  tests,  a 
static  load  was  applied  at  the  top  of  the  mast  acting  at  25.2“  to  the  horizontal. 
This  load  was  released  suddenly  by  an  electrical  release  system.  Strain  gauge 
outputs  were  recorded  for  22  of  the  38  positions. 


LEGCMD 

• AXIAL  STRAIN  GAUGES 

• bending  strain  gauges 
^ NODE  NUMBERS 

1 GAUGE  LOCATIONS 


Figure  2. 


Location  of  Strain  Gauge  Instrumentation 


4.*  RESULTS 


Only  a faw  reprastntatfva  rasults  of  this  projtct  art  presenttd.  A 
SMrt  coaprthtnsivt  rtport  on  all  tha  axparlnantal  data  and  their  corralatlon  to 
the  theoretical  model  Is  now  In  the  draft  stages. 

4.1  S/FV  TEST 

Records  obtained  from  the  free  vibration  portion  of  the  test  were 
used  to  determine  the  modal  frequencies  of  the  structure.  This  was  done 
by  digitizing  the  records  and  calculating  Fourier  amplitude  spectra  using  a 
standard  FFT  (Fast  Fourier  Transfonn)  computer  code.  The  experictental  results 
are  listed  in  Tables  1 and  2 with  those  predicted  by  Martec  Ltd.  (Reference  7} 
and  Beta  Machinery  Analysis  Ltd.  (Reference  8).  There  Is  a reasonably  good 
agreement  between  the  theoretical  and  experimental  static  strrins. 

The  Incident  free*fie1d  pressure  seen  by  the  mast  was  10.1  psi  and 
had  a positive  duration  of  230  msec.  Two  of  the  three  accelerometers  functioned 
Indicating  very  small  displacements.  The  camera  coverage  of  the  mast  was  much 
better  than  in  previous  tests  due  to  a lower  density  of  dust.  The  largest 
displacement  observed  was  no  more  than  a few  inches. 

4.2  MEASURED  TRANSIENT  STRAINS 

All  test  data  were  demultiplexed  and  read  directly  from  the  magnetic 
tape  Into  the  ORES  IBM  1130  digital  computer  using  a Hiniverter  analogue-to- 
dlgltal  converter  operating  at  a rate  of  1600  samples  per  second.  The  maximum 
values  for  axial  and  bending  strains  recorded  are  listed  in  Table  3 as  well  as 
the  theoretical  predictions. 

Predicted  and  measured  strains  at  four  positions  are  compared  In 

Figure  3. 
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Tabit  1.  Predicted  and  Observed  Natural  Frequencies  of  Nast 


Node 

Hartec 

Frequency 

Hi  [7] 

Beta 

Frequency 

Ha  [83 

Experimental 

Frequency 

Ha 

1 

8.7 

8.8 

• • 

2 

9.9 

10.2 

10 

3 

21.8 

21.5 

23 

4 

28.4 

29.6 

31 

3 

37.6 

— 

— 

6 

— 

— 

44 

7 

— 

50.9 

48 

8 

— 

57.7 

55 

9 

— 

— 

60 

10 

— 

68.0 

68 

9 


Table  2. 


Measured  and  Predicted  reak  Static  Strains  for  S/FV  Test 


Gauge 

Location 

Code 

Hartec 

Predicted  [7] 

M-C* 

Beta 

Predicted  [8] 
u-c 

Measured 

W-F. 

1 

-74.4 

-72 

2 

-75.3 

-73 

-76 

3 

-56.3 

-54 

-53 

4 

62.7 

62 

59 

S 

62.8 

62 

66 

S 

44.7 

44 

50 

7 

-57.2 

-56 

-54 

8 

-62.8 

-61 

-40(?) 

9 

-54.3 

-S3 

-57.2 

10 

54.0 

S3 

56 

11 

67.3 

57 

50 

12 

48.6 

^8 

59 

13 

41.7 

41 

40 

14 

16.5 

16 

-- 

15 

-3.2 

-3 

-3 

16 

o.e 

1 

-6 

17 

-13.1 

-13 

-14 

18 

11.5 

12 

>0 

19 

-20.6 

-20 

-19 

20 

16.8 

17 

17 

27 

-4S.3 

-47 

-57 

28 

-33.1 

-32 

-31 

* MicroetraiA 
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Table  3 


Measured  and  Predicted  Peak  Transient  Strains 


Gauge 

Location 

No. 

Type 

Predicted  [7] 
u-c 

Predicted  [8] 
u-e 

Measured 

M-C 

1 

Membrane 

565 

578 

530 

2 

11 

469 

489 

461 

3 

270 

304 

310 

4 

II 

-568 

-585 

-594 

5 

II 

-461 

-490 

-486 

6 

II 

-280 

-319 

-285 

7 

II 

521 

557 

412 

ii 

II 

472 

495 

486 

9 

II 

320 

354 

338 

10 

II 

-512 

-542 

-490 

11 

tl 

-470 

-491 

-441 

12 

N 

-320 

-357 

-322 

13 

II 

-223 

-207 

-234 

14 

M 

-87 

-86 

-80 

15 

M 

459 

500 

440 

16 

II 

-506 

-481 

-479 

17 

II 

325 

310 

301 

18 

II 

-320 

-312 

-306 

19 

406 

425 

366 

20 

N 

-400 

-420 

-.^63 

21 

II 

357 

387 

329 

22 

II 

-407 

-374 

-330 

23 

II 

211 

164 

153 

24 

It 

-239 

-172 

-169 

25 

II 

191 

169 

164 

26 

II 

-202 

174 

-163 

27 

M 

221 

216 

207 

28 

II 

452 

450 

428 

29 

II 

-96 

-- 

-85 

30 

II 

-103 

-- 

-125 

31 

Bending 

-130 

— 

-165 

32 

II 

193 

-- 

433 

33 

i« 

128 

-- 

209 

34 

II 

-182 

— 

-185 

35 

II 

-47 

— 

-72 

36 

II 

-29 

— 

-48 

37 

II 

63 

— 

53 

38 

11 

79 

•• 

-112 

n 
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5.  DISCUSSION  AND  CONCLUSION 

The  computer  code  Transient  Drag  on  Circular  Cylinders  and  Plates 
(TDCCP)  was  used  to  calculate  the  transient  drag  pressures  required  for  input 
for  both  theoretical  programs.  This  program  was  developed  at  DRES  and  takes 
into  consideration  the  cumulative  results  of  the  DRES  drag  program  conducted 
on  circular  cylinders,  known  loading  functions  for  plates  and  correction 
factors  to  account  for  shading,  solidity,  and  plate  cylinder  interaction, 
again  based  upon  past  ORES  experiments  in  these  areas  of  study. 

The  agreement  between  calculated  and  measured  results  is  very 
satisfactory  with  the  exception  of  bending  stresses.  These  were  not  dealt  with 
at  all  by  Beta  Machinery  Analysis  Ltd.  and  the  Martec  Ltd.  predictions  are  not 
as  reliable  as  their  other  results.  However,  the  magnitude  of  the  bending 
stresses  indicate  they  cannot  be  ignored.  This  is  one  area  which  requires 
further  study. 

In  both  theoretical  approaches  the  predicted  axial  strains  were 
slightly  conservative  which  is  good  from  a design  stand  point. 

Effectively,  this  concludes  the  study  on  lattice  mast  structures 
as  the  results  of  this  study  validate  TDCCP,  the  analytical  procedures  previously 
developed  by  ORES  and  the  design  procedure  and  associated  computer  code  developed 
by  Martec  Ltd.  The  result  is  a computerized  engineering  design  standard  that 
can  be  used  by  the  Maritime  Branch  of  the  Canadian  Forets  to  effectively  design 
lattice-type  masts. 
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ABSTRACT 


The  blast  response  of  35  ft  fibreglass  Whip  Antennas  was  Investigated 
In  a free-fleld  blast  trial  and  In  numerical  simulation  experiments.  The  antennas 
satisfactorily  withstood  the  air  blast  loading  at  nominal  7.0,  10.0  and  12.2  psi 
peak  overpressure  locations  In  Event  Dice  Throw.  The  numerical  model  predictions 
for  the  natural  frequencies  are  in  excellent  agreement  with  results  obtained 
txperlmentally,  however  the  corresponding  predictions  for  the  transient  strain 
using  pre-trial  drag  coefficients  were  approximately  double  the  values  obtained 
experimentally.  Subsequent  revised  numerical  predictions  for  the  transient  strains 
using  experimental  drag  coefficients  obtained  Independently  In  the  blast  trial 
Itself  have  produced  results  In  more  reasonable  agreement  with  the  experimental 
transient  strains. 
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INTRODUCTIOH 


The  Defence  Research  Establlsheient  Suffleld  (ORES),  In  support  of  the 
Canadian  Forces  (Harltlne)  policy  on  blast  hardening  of  ships  and  coaiponents.  has 
conducted  a series  of  tests  to  determine  the  ability  of  certain  antenna  designs  to 
withstand  blast  overpressures  of  various  Intensities.  During  Event  Dice  Throw,  a 
620-ton  AN/FO  free- field  blast  trial  conducted  by  the  United  States  Defense  Nuclear 
Agency  at  the  White  Sands  Missile  Range  In  New  Mexico  on  October  6.  1976.  several 
antenna  design  were  tested  at  various  overpressure  levels.  One  of  the  antenna 
designs  evaluated  In  the  trial  was  a 35  ft  fibreglass  Whip  Antenna. 

The  objectives  of  this  study  were  to  determine  the  ability  of  three 
35  ft  fibreglass  Whip  Antennas  to  withstand  the  effects  of  blast  waves  at  the 
nominal  7.0.  10.0  and  12.2  psi  peak  overpressure  levels  respectively,  and  to  compare 
the  measured  response  of  the  antennas  against  theoretical  predictions  determined  by 
a computer  model  recently  depeloped  at  DRES  [1].  It  was  Intended  the':  experimental 
verification  of  the  computer  model  would  lead  to  a criterion  for  predicting  the 
blast  response  of  whip  antenna  designs  In  general. 


mSTALLATIOW  AMD  INbiRUMEMTATIOM  OF  TH£  WUP  AITEHMAS 

The  Whip  Antennj  design  evaluated  in  the  study  »ms  Model  ASS085-SR 
manufactured  by  Valcom  Ltd.,  Guelph,  Ontario.  A schematic  of  the  antenna  is 
shown  in  Figure  1.  According  to  the  manufacturer  [2],  the  main  shaft  of  the 
antenna  was  composed  of  alternate  fibreglass  layers  at  90^  and  0°  angles  relative 
to  the  axis  of  the  antenna.  Tlie  volume  ratio  of  longitudinal  to  circumferential 
fibres  was  approximately  2:1  throughout  the  antenna  except  in  the  region  of  the 
base  of  the  antenna.  The  lower  three  feet  of  the  shaft  was  increased  in  size 
by  additional  circumferential  wrappings  up  to  3/4  in  thick  (the  additional 
wrappings  at  the  base  added  no  additional  flexural  strength  to  the  antenna). 

The  antenna  was  fabricated  in  two  pieces  which  joined  together  through  an  embedded 
brass  coupling  located  approximately  18  ft  from  the  base  (see  Figur^i  1).  Additional 
physical  characteristics  cf  the  antenna,  as  supplied  by  the  manufacturer,  are 
presented  in  Table  1. 

Three  Whip  Antennas  were  Installed  for  the  Event  Dice  Throw  field  trial. 

The  antennas  were  located  at  the  nominal  7.0,  10. Q and  12.2  psi  peak  overpressure 
locations  (1135,  940  and  875  ft  respectively  fm«  ground  zero).  For  discussion 
purposes,  the  antennas  will  be  referred  to  by  the  nominal  peak  overpressure 
locations  at  which  they  were  installed.  Each  antenna  was  mounted  on  a 24  In  x 
30  in  X 21.5  in  steel  box  (ORES  drawing  MES«CDT>100-C3-2)  of  a type  used  in  a 
previous  multi -ton  field  trial  ("Event  Dial  Pack"  held  at  ORES  in  1970)  as  a 
mounting  for  a GRP  Whip  Antenna  [3].  The  steel  box  assemblies  were  subsequently 
bolted  to  5 ft  X 8 ft  X 2 ft  heavy  reinforced  concrete  foundations  (ORES  drawing 
MFS-CDT-100-C3-1).  A photograph  of  the  three  Whip  Antennas  Installed  for  the 
Event  Dice  Throw  field  trial  is  shown  in  Figure  2. 

Five  pairs  of  MICRO-MEASUREMENTS  type  EA-41-10CBE-120  strain  gauges  were 
bonded  directly  to  the  outer  surface  of  the  nominal  7.0  psi  Whip  Antenna.  The  gauge 
locations  are  shown  in  Figure  1.  In  addition,  two  strain  gauge  pairs  were  bonded 
to  the  outer  surface  of  the  nominal  10. 0 and  12.2  psi  Whip  Antennas.  The  locations 
of  the  nine  strain  gauge  pairs  are  summarized  in  Table  2.  The  gauges  which  constitute 
a strain  gauge  pair  were  bonded  to  opposite  sides  of  the  antennas  on  a line 
corresponding  to  the  blast  direction,  thereby  measuring  the  maximum  flexural  Svrain 
at  the  specified  cross-sections. 

The  signals  from  the  strain  gauge  pairs  were  conoitioned  with  bridge  and 
balance  units,  amplified,  F.M.  multiplexed  and  then  recorded  on  14-track  magnetic 
tape  with  a frequency  response  of  DC  to  4 KHz.  In  this  fashion,  five  channels  of 


experimental  d&ta  were  multiplexed  onto  one  tape  channel,  a procedure  which  was 
t'equired  by  the  large  number  of  ORES  data  channels  and  limited  number  of  tape 
recorders.  A block  diagram  describing  the  Instrumentation  Is  shown  In  Figure  3, 
and  a photograph  of  the  ORES  Instrumentation  Bunker  In  which  the  data  signals  were 
processed  and  recorded  Is  shown  In  Figure  4. 

In  addition  to  the  strain  gauge  data,  the  response  of  the  7.0,  10.0 
and  12.2  psi  Whip  Antennas  was  recorded  respertively  on  a LOCAM  high-speed  camera 
;it  500  frames  per  second,  a FASTAIR  h1gh-s,'>eed  camera  at  320  frames  per  second  and 
a FASTAIR  high-speed  camera  at  603  frames  per  second.  A time  mark  ganei*ator  was 
used  to  confirm  the  above  film  speeds. 


COHPUTEH  WOOEL  SIMULATION 


A numerical  proctdure  was  dtveloped  at  ORES  to  predict  the  elastic  response 
of  a variable  cross-section  cantlllver  bea«n  when  subjected  to  a transient  air  blast 
load  [1].  The  procedure  begins  with  the  Bernoulli -Euler  equation  of  a vibrating 
btM.  The  normal  modes  and  natural  frequencies  of  the  beam  arc  determined  by  solving 
the  differential  equations  for  free  vibration  using  successive  relaxation,  Rayleigh 
quotient  and  Gram-Schmidt  orthogonal Izatlon  numerical  techniques.  The  forced 
vibration  solution  is  obtained  using  normal  mode  coordinates  and  Laplace  transforms. 

The  computer  model  simulation  used  a clamped-free  boundary  condition  of 

the  form 

(a)  clamp  at  x-0,  zero  displacement  and  slope. 

(b)  free  at  x>L,  zero  moment  and  shear. 


where  x Is  a distance  coordinate  measured  from  the  base  uf  the  antenna  and  L Is  the 
length  of  the  antenna.  In  addition,  the  following  values  for  the  drag  coefficient 
Cq  were  used  In  computing  the  aerodynamic  drag  portion  of  the  blast  wave  loading  on 
the  antenna  In  the  first  set  of  simulation  experiments: 

ftkO.48,  RejiSxlOS 

M<0.48,  Re»3xl05.  V (?) 

H<0.48,  Re<3xl05. 


! first  set  of 

{0.7  . 

0.6  . 
1.2  . 


In  the  above  equation,  M Is  the  Instantaneous  Mach  number  of  the  flow  incident  on 
the  antenna,  and  Re  Is  the  Instantaneous  Reynolds  number  (based  on  local  dianeter). 

A revised  set  of  drag  coefficients  (based  on  Independent  drag  experiments  In  Event 
Throw  Itself)  were  used  In  a subsequent  simulation  experiment,  to  be  considered  In 
detail  In  a later  section. 

The  structure  of  the  Whip  Antenna  was  represented  In  the  computer  model  In 
such  a way  as  to  simulate  the  mass  and  p-ojected  (normal  to  blast  direction)  cross- 
sectional  area  profiles  of  the  antenna.  Three  different  mass/projected  cross-sectional 
area  profiles  were  considered.  The  first  profile  (simulation  A)  corresponded 
to  physical  data  supplied  by  the  manufacturer  (Table  1;  [2]).  The  second  profile 
(simulation  B)  corresponded  to  antenna  wall  thicknesses  measured  from  x-ray 
examination  of  the  nominal  7.0  psi  Whip  Antenna  (radiography  examination  by 
R.M.  Hardy  and  Associates  [4]).  The  final  profile  (simulation  C)  corresponded 
to  micrometer  measurements  of  test  samples  cut  out  of  the  antenna  to  determine 
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the  well  thicknesses  for  the  nominal  7.0  psi  Whip  Antenna.  With  these  measureMents, 
adjustment  to  the  profiles  near  the  base  and  In  the  vicinity  of  the  junction  between 
lower  and  upper  portions  of  the  antenna  were  made  to  account  for  the  additional 
mass  (measured)  and  stiffening  in  the  Indicated  regions.  In  addition,  the  third 
simulation  used  a mass-weighted  average  value  for  Young's  Modulus  based  on  tensile 
tes'is  performed  by  R.M.  Hardy  and  Associates  (Figure  5;  [5]).  In  suemary.  simulations 
A and  B were  based  on  antenna  features  which  were  known  or  measured  prior  to  the 
blast  trial,  while  simulation  C was  based  on  antenna  pi*opert1es  which  were  obtained 
In  destructive  tests  and  measurements  of  the  nominal  7.0  psi  Whip  Antenna  following 
the  blast  trial. 

A comparison  of  the  three  simulations  for  the  mass/projected  cross-sectional 
area  profiles  of  the  nominal  7.0  psi  Whip  Antenna  1c  presented  In  Table  3.  Simulation 
A (manufacturer's  data)  Is  found  to  differ  significantly  from  simulation  B and  C 
(measured  data)  above  the  lower  3 ft  portion  of  the  antenna.  The  differences  In  the 
profiles  will  result  In  differences  in  the  corresponding  strain  pre.i1ct1ons,  a point 
which  win  be  examined  In  more  detail  In  Section  5. 
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COWPARISOH  OF  THEORETICAL  AHD  EXPERIMEMTAL  NATURAL  FBEOl'tSCUS:  TWANG  TEST 


Prior  to  the  blest  trial,  e "Tweng  Test"  tMS  perfoneed  to  obtain  free 
vibration  strain  data  for  the  Whip  Antennas.  A static  load  was  applied  near  the  top 
of  each  antenna  using  an  anchored  nylon  rope  at  a pull  angle  of  30°  to  the  horizontal. 
The  load  was  subsequently  released  electrically  and  the  strain  data  for  free 
vibration  was  recorded.  The  experiment  was  performed  to  determine  tne  natural 
frequencies  of  the  antennas  and  to  verify  the  test  Instnawntatlon. 

A photograph  of  the  Twang  Test  apparatus  Is  shown  in  Figure  6.  The 
apparatus  consisted  of  a 1/4  In  nylon  rope  attached  to  a bracket  at  the  30  ft 
location  oh  each  of  the  antennas  and  anchored  to  a truck,  a 6000  1b  capacity  L.A.B. 
Corp.  Quick  Release  Hook,  a hand-operated  mechanical  winch  to  take  up  slack  In  the 
system,  and  a Transducers  Inc.  strain-type  load  cell  (model  NL2-151-1K)  with  a Budd 
Strain  Indicator  readout  (model  P-350)  to  measure  the  applied  load.  The  applied 
loads  were  monitored  locally  with  the  load  cell  while  the  bending  strains  as  measured 
by  the  strain  gauges  bonded  to  the  antenna  were  recorded  remotely  In  the  Instru- 
mentation Bunher. 

The  loads  on  the  antennas  were  released  electrically  and  the  bending 
strain  data  for  free  vibration  Test")  were  recorded  in  the  Instrumentation 

Bunker.  In  this  fashion  It  was  possible  to  establish  tnat  the  test  'nstrumentatlon 
was  operational. 

A Fourier  analysis  was  subsequently  pe*‘^omed  tht  expcr'-nertal  strain 
data  to  detemine  the  natural  frequencies  of  each  antenncj  'ree  v’bration 

strain  history  and  corresponding  Fourier  analysis  for  nacges  2 i'>d  f a^e  presented 
In  Figures  7 and  8.  As  shown,  the  lowest  nature?  fre<,uency  ^cr  tne  7.0  psi  Whip 
Antenna  Is  sharply  Identified  as  1.2/  cps  by  the  Fourier  analysis,  while  the  higher 
natural  frequencies  are  less  distinct.  The  best  resolution  of  the  higher  natural 
frequencies  occurs  for  the  gauge  located  in  the  upper  region  of  the  antenna,  gauge 
5,  The  three  lowest  natural  frequencies  of  the  three  antennas,  as  determined  from 
a Fourier  analysis  of  the  Twang  Test  strain  measurements,  are  presented  In  Table  4. 

Tl«  observed  difference'  between  the  experimental  natural  frequencies  of  the  three 
antennas  ai'e  due  to  differences  In  antenna  construction.  In  particular,  the  10.0 
and  12.2  psi  antennas  were  15  inches  longer  than  the  7.0  psi  antenna  [6], 

The  theoretical  (numerical  simulation)  predictions  for  the  three  lowest 
natural  frequencies  and  corresponding  normal  modes  for  simulation  A of  the  7.0  psi 
Whip  Antenna  are  presented  In  Figure  9.  Normal  modes  of  a similar  general  shape 
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»*ere  obtained  for  slnwlations  B ^‘nd  C.  A comparison  of  the  natural  frequercles 
for  simulations  A,  B and  C of  the  7.0  psi  Whip  Antenna  against  the  experimental 
values  obtained  from  the  Twang  Test  is  presented  in  Table  5.  It  is  apparent  from 
this  coiivarison  that  the  predicted  frequencies  are  in  excellent  agreement  with  the 
values  obtained  experimentally. 
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COHPARISW  OF  THEORETICAL  AND  EXPERIMENTAL  BENDING  STRAIN  HISTORIES:  EVENT  DICE  THROW 


The  numerical  simulation  model  was  used  to  generate  bending  strain 
predictions  corresponding  to  two  types  of  Fried! ander  overpressure  waves.  The  two 
sets  of  overpressures  respectively  correspond  to  Defense  Nuclear  Agengy  (ONA)  pre- 
trial predictions  (blast  data  A)  and  average  measured'  blast  wave  properties  (blast 
data  B)  at  the  nominal  7.0,  10.0  and  12.2  psi  peak  over  pressure  locations. 

A comparison  of  the  two  sets  of  Friedi ander  overpressure  waves  Is 
presented  In  Table  6 and  Figure  10.  It  should  be  noted  that  despite  the  lower  peak 
overpressure  In  the  experimental  Friedlander  waves,  the  total  Inpulse  associated 
with  the  experimental  waves  Is  18  to  491  higher  than  the  corresponding  Impulse  of 
the  7.0,  10.0  and  12.2  psi  predicted  waves. 

PREDICTIONS  BASED  ON  PRE-TRIAL  DRAG  COEFFICIENTS 

Three  sets  of  bending  strain  predictions  were  calculated  using  the  pre- 
trial  drag  coefficients  summarized  In  equation  (2).  The  discussion  which  follows 
considers  only  the  predictions  for  the  7.0  psi  Whip  Antenna,  since  the  trends 
apparent  In  this  set  of  results  are  representative  of  the  results  obtained  with  the 
other  antennas.  A sunmary  of  the  essential  features  of  the  three  prediction 
experiments  Is  presented  In  Table  7. 

The  first  set  of  predictions  (predictions  1)  used  physical  data  supplied 
by  the  contractor  (simulation  A)  together  with  pre-trial  blast  data  provided  by 
DNA  (blast  data  A).  This  set  of  predictions  is  therefore  based  on  pre-trial  physical 
and  blast  data  supplied  by  external  agencies. 

A comparison  of  predicted  against  experimental  strain  histories  for  the 
7.0  psi  Whip  Antenna  Is  presented  In  Figure  11,  and  an  evaluation  of  the  ability  of 
the  model  to  predict  peak  bending  strains  Is  given  in  Table  8.  Although  certain 
gauge  locations  display  reasonably  good  agreement  between  predicted  and  experimental 
strains,  most  gauges  Indicate  considerably  large"  predicted  strains  compared  to  the 
experimental  results.  This  Is  apparent  from  the  large  value  for  the  average  ratio 
of  peak  theoretical  to  experimental  strains  (1.62;  see  Table  8).  In  addition,  the 
ratio  of  peak  theoretical  to  experimental  strains  fluctuates  considerably  from  gauge 


' The  free-fleld  overpressure  at  the  base  of  the  three  antennas  measured  using  ten 
Bytrex  Model  HFH-100  strain-type  pressure  transducers  [7].  The  ''measured”  over- 
pressure wave  properties  wore  considered  to  be  the  average  of  the  properties 
determined  by  the  Individual  pressure  transducers. 
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to  gauge.  Indicating  that  the  mass  profile  sitjlation  does  not  accurately  follow  the 
mass  distribution  t»’ortds  in  the  antenna  itseU. 

The  second  set  of  predictions  (predictions  Z)  used  physical  date  corres- 
ponding to  x-ray  measurements  at  ORES  (simtilation  B)  together  with  pre-trial  blast 
data  provided  by  DNA  (blast  data  A).  As  in  the  previous  prediction  experiment,  this 
calculation  is  based  on  pre-trial  data  sinct  non-destructive  techniques  were  used  to 
determine  the  antenna  properties. 

A comparison  of  the  corresponding  predicted  strains  against  the  experi- 
mental results  is  provided  in  Figure  12  and  Table  8.  It  is  noted  that  the  predictions 
are  in  poorer  agreement  with  the  experimental  results  than  in  the  first  prediction 
set,  a result  which  was  not  anticipated  since  more  accurate  simulation  data  was  used 
to  describe  the  antenna  structure  in  this  case  cumparad  to  the  former.  It  is 
therefore  apparent  that  th?  earlier  prediction  set  I involved  compensating  errors  in 
that  an  erroneous  simulated  mass  profile  produced  errors  which  compensated  for  an 
unknown  factor  which  is  causing  the  strain  predictions  to  be  much  larger  than  the 
experimental  values  would  indicate. 

The  third  set  of  predictions  (predictions  3}  used  experimentally  deter- 
mined physical  and  blast  data  as  input  to  the  numerical  prediction  model.  This 
represents  the  best  available  input  data  to  the  numerical  p*'ediction  nudel,  end 
should  therefore  produce  the  best  strain  predictions.  The  mass  profile  in  the 
calculation  corresponds  to  measurements  obtained  from  post-trial  destv'uctive  tests 
performed  on  the  7.0  psi  Whip  Antenra  (simulation  C),  and  the  «lr  blast  data  corres- 
ponds to  average  measured  blast  wave  prooerties  (blast  data  B). 

A comparison  of  the  corresponding  predicted  strains  against  the  experimen- 
tal results  is  presented  in  Figure  13  and  Table  0.  Similar  to  the  previous  pre- 
diction experiments,  the  predictions  are  considerably  larger  r'lan  the  experimental 
results.  However,  the  ratio  of  peak  theoretical  to  experimental  strains  fluctuates 
considerably  less  from  gauge  to  gauge  compared  to  the  earlier  predictions,  indicating 
that  the  mass  profile  simulation  more  accurately  follows  the  actual  mass  distribution 
trends  In  the  antenna  itself.  In  addition,  it  should  be  noted  that  this  prediction 
is  based  on  blast  data  which  has  an  10  to  49X  larger  positive  phase  impulse  than  in 
the  earlier  prediction  experiments.  The  earlier  prediction  sets  1 and  2 therefore 
had  compensating  errors,  since  artificially  low  pre-trial  IKIA  blast  data  compensated 
for  an  unknown  factor  which  is  causing  the  strain  predictions  to  be  much  larger  than 
the  experimental  values  would  Indicate. 

At  this  point,  the  only  remaining  area  to  be  evaluated  in  assessing  the 
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cause  of  the  poor  perfomance  of  the  niinerical  prediction  model  lies  with  the 
empirical  drag  coefficients.  This  will  be  considered  in  detail  in  the  following 
section. 


PREDICTIONS  BASED  OK  DICE  THROW  DRAG  COEFFICIENTS 


An  aerodynamic  drag  project  was  independently  undertaken  in  the  Event 
Dice  Throw  field  trial  [8].  The  drag  forces  on  cylinders  of  various  diameters  were 
determined  using  free-flight  measurement  techniques,  and  preliminary  drag  coefficient 
results,  as  shown  in  Figure  14,  are  now  available  in  the  low  Reynolds  number  regime, 
applicable  to  the  Whip  Ai  jnna  study. 

It  is  apparsne  from  these  preliminary  results  that  the  drag  coefficients 
at  low  Reynolds  number  in  Event  Dice  Throw  are  much  smaller  than  anticipated  from 
earlier  field  trials.  Based  on  the  preliminary  results  presented  in  Figura  14,  a 
drag  coefficient  profile  appropriate  to  the  lo»f  Reynolds  number  regime  in  Event 
Dice  Throw  Is  of  the  form  ^ 


C 


0 


C.?  , H<0.48,  Rei4xl05, 
0.6  , M<0.48,  Re<4xl05. 


(3) 


V.  / 

It  should  be  rioted  that  this  profile  is  based  on  preliminary  drag  measurements,  and 
the  reader  is  referred  to  the  final  drag  study  report  [3]  for  more  details  and 
revised  Cjj^  prs-fllos. 

A.  final  set  of  strain  predictions  was  produced  using  the  drag  coefficient 
profile  specified  by  equation  (3).  The  predictions  were  computed  using  experimentally 
determined  physical  and  blast  data  (mass  profile  simulation  C,  blast  data  B)  as  input 
to  the  numerical  prediction  model  (see  Table  7).  A comparison  of  tha  corresponding 
predicted  strains  against  th«  experimental  results  is  presented  in  Figures,  15,  16, 
and  17,  and  Table  8.  The  comparisons  for  the  7.0  psi  Whip  Antenna  are  repeated  in 
Figures  18  to  ZZ  in  an  enlarged  fonr^t. 

In  gepsral,  the  predicted  strains  are  found  to  be  in  > asonable  agreement 
with  the  experimental  strains.  The  average  ratio  of  peak  theoretical  to  experimental 
bending  strains  is  1.27,  a value  significantly  less  than  the  results  from  the 
previous  prediction  experiments.  The  best  agreement  between  the  predicted  and 
experimental  strains  occurs  with  gauges  4 and  5,  located  in  the  upper  portion  of 
the  7.0  psi  Whip  Antenna. 
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The  poorest  egreetnent  In  this  prediction  experiment  Is  obtained  for  gauge 
6,  located  In  the  lower  portion  of  the  10.0  psi  Whip  Antenna  (see  Figures  1 and  16). 
This  result  Is  In  part  a consequence  of  using  a mass  profile  simulation  based  on 
the  7.0  psi  antenna  (simulation  C)  In  generating  the  time  respons'^  of  the  10.0  psi 
antenna.  As  noted  earlier,  the  three  antennas  differ  In  construction  [6],  and 
measured  mass  profile  data  was  not  available  for  the  10.0  and  12.2  psi  antennas. 

Due  to  strain  gauge  failure  early  In  the  time  response,  experimental 
verification  of  strain  predictions  from  three  of  the  four  strain  gauge  pairs  on 
the  10. 0 and  12.2  psi  Whip  Antennas  Is  not  available. 
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CONCLUSIONS 


The  blast  response  of  35  ft  fibreglass  Whip  Antennas  was  investigated  ln 
a free-field  blast  trial  and  in  numerical  simulation  experiments.  The  antennas 
satisfactorily  withstood  the  air  blast  loading  at  nominal  7.0,  10.0  and  12.2  psi 
peak  overpressure  locations  In  Event  Dice  Throw.  The  corresponding  antenna 
response  was  modelled  numerically,  and  predictions  of  natural  frequencies  and 
transient  bending  strains  were  generated  for  various  antenna  mass  profile  simu'a- 
tions  and  air  blast  loadings. 

The  predicted  natural  frequencies  were  in  excellent  agreement  with 
experimental  results  and  the  transient  strain  predictions  using  experimental  drag 
coefficiei.^s  obtained  independently  in  the  blast  trial  Itself  were  in  reasonable 
agreement  with  the  experimental  transient  strains. 

Accuracy  of  the  transient  strain  predictions  was  found  to  depend  sig- 
nificantly on  the  following  three  condUfons: 

(a)  the  computer  simulation  must  agree  with  the  mass  profile  and  physical 
properties  of  the  actual  antenna. 

(b)  the  computer  simulation  must  agree  with  the  air  blast  properties  of  the 
actual  blast  wave  (peak  overpressure,  positive  phase  duration,  and  part- 
icularly the  positive  phase  impulse), 

(c)  the  computer  simulation  must  agree  with  the  aerodynamic  drag  coefficient 
(Cq)  relevant  to  the  antenna  geometry  and  blast  wave  in  question. 

Conditions  (a)  and  (b)  are  generally  known  with  some  degree  of  certainty  prior  to  a 
blast  trial  (if  necessary,  destructive  material  tests  may  be  carried  out  on  a 
duplicate  antenna  to  establish  the  correct  mass  profile  and  physical  properties  for 
the  numerical  simulation).  However,  there  appears  to  be  some  doubt  regarding 
correct  drag  coefficient  relationship  for  air  blast  waves  (as  function  of  Reynolds 
number,  Hach  number,  and  blast  wave  properties)  particularly  in  the  low  Reynolds 
number  regime  which  applies  to  whip  antennas.  Evidence  of  drag  coefficient  uncer- 
tainty was  apparent  in  this  study  through  the  large  differences  in  transient  strain 
predictions  obtained  using  pre-trial  Cq  profiles  and  pvofil<“s  of  Cq  determined  from 
the  blast  trial  Uself.  Reducing  the  uncertainty  in  Cp  at  low  Reynolds  and  Mach 
numbers  represents  an  area  requiring  further  investigation. 
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Subject  to  «n  eccuract  sinHjIatlon  of  the  antenna  nsiss  profile,  blest  wave 
properties,  and  drag  coefficient  profiles,  the  computer  model  Is  recom.iended  as  a 
design  tool  In  the  development  of  whip  antennas  In  general. 
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3.0 
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26 

2.4 

2.1 

20 

2.1 

1.8 

34 
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DIsUnce  fror.  the  base  of  the  antewna. 

2 

Oitslde  dfaneter. 

3 

Inside  diameter. 

E « 3.9x10*  psi 
P - 0.002298  slugs/in^ 


lablej.:  Physical  features  of  the  Valcom  AS5085>SR  fibreglass 

Whip  Antennc.  as  supplied  by  the  manufacturer  [2]. 
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X (In) 

SiMulatlon  A 

S\«ulat1on  6 

SiMulatlon  C 

10  (Ir.) 

OS  (<ni 

Wt  (lb) 

10  (In) 

00  (In) 

Ht  (lb) 

ID  (In) 

^ESDEDEnESEDSOII 

1 

1 

1 

1 

i 

2 

0.0 

4.400 

6.500 

48.41 

5.537 

6.457 

22.63 

5.540 

9.640 

84.54 

41.9 

4.283 

5.942 

30.03 

4.411 

5.199 

15.89 

4.167 

4.965 

15.90 

83.7 

4.002 

4.878 

17.30 

3.845 

4.503 

11.73 

3.S45 

4.535 

12.15 

125.6 

3.665 

4.459 

14.74 

3.678 

4.205 

9.93 

3.640 

4.177 

10.04 

167.4 

3.403 

4.154 

3.381 

3.929 

3.341 

3.901 

14.37 

8.96 

2 

12.81 

209.2 

3.056 

3.935 

11.33 

3.224 

3.709 

6.67 

2.551 

3.609 

10.72 

251.1 

2.707 

3.241 

5.90 

2.619 

2.997 

4.37 

2.659 

3.067 

4.65 

292.9 

2.298 

2.638 

3.57 

2.280 

2.582 

3.22 

2.251 

2.562 

3.54 

334.8 

1.957 

2.257 

3.05 

2.C47 

2.319 

2.49 

2.021 

2.346 

2.91 

376.6 

1.695 

2.030 

1.851 

2.071 

1.825 

2.075 

1 

1 

3.1? 

1 

1 

1.82 

) 

1 

2.06 

418.5 

1.500 

1,900 

Total : 

1.777 

1.947 

Total : 

1.741 

1.937 

Total: 

151.87 

87 

159.32 

E - 3.9x10^  PSi  ( 

E • 3.9xl0‘  psi 

— 

E • 4.27x10>  PSi 

15] 

0 - 9.002296  slugs/in!.  &x  ^ 41.8  in,  M • 10,  L - 41S.5  (34.S8  ft 


\ 

extrapolated. 

Calculated  based  on  the  Measured  Mass  distribution;  calculation  depends  on  ax. 

Table  3:  Physical  features  of  the  three  cceputer  siMulatlons  of  the  7.0  psi  fibreglass 
Whip  Antenna. 


Natural  Fm^quancles  (cps) 

7,0  psi 

10.0  psi 

!2.2  psi 

1 

1.27 

1.03 

1.02 

2 

4.20 

3.46 

3.52 

3 

9.50 

8.25 

7.75 

Table  4:  Natural  frequencies  of  the  three  Mhip  Antennas  as 
detanalned  from  a Fourier  analysis  of  the  Twang 
Test  strain  Masureaents. 
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Natural  Frequencies  (cps) 


Mode 

Experimental 

Simulation  A 

Simulation  B 

Simuli 

(tion  C 

Theoretical 

Theo./Exp. 

Theoretical 

Theo./Exp. 

Theoretical 

Theo./Exp. 

1 

1.27 

1.47 

1.16 

1.33 

1.05 

1.34 

1.06 

2 

4.20 

4.09 

0.97 

4.08 

0.97 

4.06 

0.97 

3 

9.50 

9.55 

1.01 

9.47 

1.00 

10.16 

1.07 

Avg.1.05 

Avq.l .01 

Avq.l. 03 

Table  5;  Comparison  of  theoretical  (numerical  simulations  A,  B and  C)  and  experimental  (Twang  Test) 
natural  frequencies  for  the  7.0  osl  Whip  Antenna. 


Symbol 

Units 

Description 

Blast  Data  A 

Blast  Data 

B 

7.0 

10.0 

12.2 

7.0 

10. n 

12.2 

Pa 

psi 

atmospheric  pressure 

12.58 

12.58 

12.58 

12.42 

12.42 

12.42 

^A 

'K 

atmospheric  temperature 

54 

54 

54 

48 

48 

48 

Po 

?si 

peak  overpressure 

7.0 

lO.C 

12.2 

6.6 

9.9 

12.0 

'd 

j 

msec 

positive  phase  duration 

242 

189 

172 

250 

231 

254 

h 

psi/msec 

positive  phase  impulse 

600 

695 

750 

707 

863 

1119 

1 

K 

-- 

Friedlander  decay  constant 

1.137 

1 .002 

1.104 

0.482 

0.911 

1.009 

The  decay  constant  is  computed  ba>ed  on  the  condition  that  the  Friedlander  wave  is  to  be 
characterized  by  the  specified  values  of  p^,  and  1^. 


Table  6:  Air  blast  data  corresponding  to  the  pre-t'-iol  DMA  predictions  (blast  data  A) 
and  the  average  measured  blast  wave  properties  (blast  data  B). 


Trantient  Strains 
Prediction  Set 

Mass  Profile 
Simulation  ^ 

Air  Blast 

Data  2 

Drag  Coefficient 
Equation  No. 

1 

A 

A 

2 

2 

B 

A 

2 

3 

C 

B 

2 

4 

C 

B 

A 

1 

See  Table  3. 

2 

See  Table  6. 


Table  7:  Sunrnry  of  the  four  numerical  prediction  experiments  for 
transient  bending  strains. 
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SCHEMATIC  DIAGRAM  OF  THE  STRAIN  GAUGE  INSTRUMENTATION  IN  EVENT  DICE  THROW. 


ON-SITE  INSTRUMENTATION  OFF-8ITE  DATA  RECOVERY 


’fl 


28 


FIG.  6 PHOTOGRAPH  OF  I • TWANG  TEST  APPARATUS 
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I FIG.  7 TWAN'  .EST  BENDING  STRAIN  HISTORY  AND  CORRESPONDING  FOURIER 
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FIG.  8 TWANG  TEST  BENDING  STRAIN  HISTORY  AND  CORRESPONDING  FOURIER 
ANALYSIS  FOR  GAUGE  5. 
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FIG.  9 THEORETICAL  (NUMERICAL  SIMULATION)  PREDICTIONS  FOR  THE  THREF 
LOWEST  NATURAL  FREQUENCIES  AND  CORRESPONDING  NORMAL  MODES 
FOR  SIMULATION  A OF  THE  7.0  PSI  WHIP  ANTENNA. 
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(C)  NCWINAL  VS*  EXPERIMENTAL  0VERPRE5SLFE 

FIG.  10  FRIEDUNDER  OVERPRESSURE  WAVES  AT  THE  NOMINAL  7.0,  10.0,  AND  12.2 
PSI  PEAK  OVERPRESSURE  LOCATIONS  WHICH  CORRESPOND  TO  (A)  PRE-TRIAL 
ONA  PREDICTIONS  (BLAST  DATA  A),  (B)  AVERAGE  MEASURED  BLAST  WAVE 
PROPERTIES  (BLAST  DATA  B),  AND  (C)  COMPARISON  OF  THE  ONA  PREDICTION 
AGAINST  THE  MEASURED  WAVE  AT  THE  7.0  PSI  LOCATION. 
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FIG.  11  COMPARISON  OF  BENDING  STRAIN  PREDICTIONS  SET  1 (DASHED  LIKtS) 
AGAINST  THE  MEASURED  STRAINS  (SOLID  LINES)  FOR  THE  7.D  P5I 
WHIP  ANTENNA  AT  GAUGE  LOCATIONS  1 TO  5. 
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FIG.  12  COMPARISON  OF  BENCING  STkAIN  PREDICTIONS  SET  2 (DASHED  LINES) 
AGAINST  THE  MEASURED  STRAINS  (SOLID  LINES)  FOR  THE  7.0  PSI 
WHIP  ANTENNA  AT  GAUGE  LOCATIONS  1 TC  5. 
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FIG.  i3  COMPARISON  OF  BENDING  STRAIN  PREDICTIONS  SET  3 (DASHED  LINES) 
AGAINST  THE  MEASURED  STRAINS  (SOLID  LINES)  FOR  THE  7.0  PSI 
WHIP  ANTENNA  AT  GAUGE  LOCATIONS  1 TO  5. 
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FIG.  15  COMPARISON  OF  BENDING  STRAIN  PREDICTIONS  SET  4 (DASHED  LINES) 
AGAINST  THE  ICASURED  STRAINS  (SOLID  LINES)  FOR  THE  7.0  PSI 
WHIP  ANTENNA  AT  GAUGE  LOCATIONS  1 TO  5. 
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STRAINS  (SOLID  LINES)  FOR  THE  7.0  PSI  WHIP  ANTENNA  AT  GAUGE  LOCATION  1. 
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FIG.  19  COMPARISON  OF  BENDING  STRAIN  PREDICTIONS  SET  4 (DASHED  LINES)  AGAINST  THE  MEASURED 
STRAINS  {SOLID  LINES)  FOR  THE  7.0  PSI  WHIP  ANTENNA  AT  GAUGE  LOCATION  2. 
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FIG.  22 


COMPARISON  OF  BENDING  STRAIN  PREDICTIONS  SET  4 (DASHED  LINES)  AGAINST  THE  MEASURED 
STRAINS  (SOLID  LINES)  FOR  THE  7.0  PSI  WHIP  ANTtNHA  AT  GAUGE  LOCATION  5. 
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**  PROJECT  C5  CANADIAN  AIR  BLAST  MEASUREMENTS 

- EVENT  DICE  THROW 

F.H.  Winfield 

Defence  Reseerch  EsteMlihaent  Sufficed 
ReUton.  Alberta.  Canada 

ABSTRACT 

Results  are  presented  for  air  blast  Measurements  made  In  the  Canadian  sector  In 
Event  Dice  Throw.  These  measurements  were  Made  In  support  of  other  Canadian  projects  whose 
objectives  were  the  study  of  aerodynamic  drag  on  circular  cylinders  and  the  determination 
of  the  structural  response  of  Canadian  Navy  masts  and  antennae.  A total  of  seventeen 
strain-type  pressure  gauges,  mounted  six  Inches  above  ground  level  and  located  at 
strategic  points  between  the  50  psi  and  5 psi  peak  overpressure  locations,  recorded  over- 
pressure-time histories.  The  measured  values  for  peak  overpressure  impulse,  and  positive 
duration  were  quite  close  to  the  predicted  values;  the  overpressure-time  records  showed 
classic  waveforms.  An  anoamly  which  developed  to  the  east  of  the  Canadian  sector  produced 
a weak  shock  wave  which  traversed  diagonally  across  the  layout  behind  the  main  shock  front. 
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INTRODUCTION 


Canadian  participation  In  Evont  Dice  Throw  was  comprised  of  five  projects. 
Projects  Cl.  C2  and  C3  Involved  the  measurement  of  structural  response  of  a lattice  mast, 
UHF  polenast  and  three  whip  antennat.  respectively.  Project  C4  Involved  the  .reasurewnt 
of  aerodynamic  drag  on  cylinders  due  to  the  passage  of  the  blast  wave  and  Project  C5 
Involved  measurement  of  the  blast  env1rtnnt.nt  to  which  Projects  Cl.  C2.  C3  and  C4  were 
exposed.  The  layout  of  projects  and  associated  pressure  transducers  Is  shown  In  Figure  1 
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FIG.  1 LAYOUT  OF  PROJECTS  IN  CANADIAN  SECTOR 
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INSTRUMENTATIOK 


A total  of  17  Bytrex  model  HFH-iOO  strain  type  , tessure  transducers  was  used  in 
this  event.  Each  transducer  was  mounted  in  an  airfoil  type  stand  so  that  the  transducer 
was  6 inches  above  the  surface  of  the  ground.  Fifteen  of  them  were  installed  ahead  of,  or 
adjacent  to,  the  structural  response  targets  and  the  aerodynamic  drag  experiments  to  define 
the  blast  environment  to  which  they  were  exposed  and  one  transducer  was  installed  at  each 
of  the  50  psi  and  5 psi  locations  to  extend  the  range  over  which  pressure  versus  distance 
data  would  be  obtained  for  this  type  of  charge. 

At  the  20  psi-  10  psi  and  7 psi  levels,  transducers  were  set  out  so  that  two  trans- 
ducers were  on  a radial  line  through  ground  zero.  The  time  of  arrival  of  the  shock  wave  at 
the  successive  gauges  would  be  used  to  calculate  the  shock  front  velocity  from  whicti  peak 
overpressure  could  be  calculated  for  comparison  with  the  results  obtained  from  individual 
transducers. 


RESULTS  AND  DISCUSSION 


All  instrumentation  functioned  correctly  and  good  quality  records  were  obtained. 
The  records  from  all  the  transducers  are  Included  In  Appendix  A. 

The  Increase  In  overpressure  seen  on  most  of  the  records,  at  times  varying  from  20 

msecs  to  80  msecs  after  arrival  of  the  shock  front,  was  caused  by  a jet  which  developed  to 

the  east  of  the  Canadian  layout  and  produced  a weak  shock  wave  which  moved  diagonally 

across  the  layout  behind  the  main  shock  front  at  these  distances  from  ground  zero. 

The  results  obtained  from  the  pressure-time  records  are  presented  In  Table  1. 

Peak  overpressure  was  obtained  directly  from  the  records,  while  time  of  arrival,  positive 
duration  and  overpressure  Impulse  were  obtained  by  digitizing  the  records  and  using 
numerical  Integration  techniques,  (Ref.  1).  Pressure-distance  data  and  Its  relationship 
with  the  pre-test  predictions  (Ref.  2)  are  shown  In  Figure  2 as  well  as  given  In  Table  1. 


1.  Anderson,  J.H.B.  and  Fenri-k,  W.J.,  "Canadian  Air  Blast  Measurements  on  Event  Dial  Pack" 
Suffleld  Technical  Note  No.  296,  1972. 

2.  "Airblast  Predictions  for  Dice  Throw",  Defense  Nuclear  Agency,  Field  Command,  9 March, 
1976. 
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[G.  2 COMPARISON  OF  PREDICTED  AND  MEASURED  OVERPRESSURES 
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SUWWtY  Of  RESULTS  FftON  PRESSU^^E-TIfg  TPAUSDUCCTS 


Siugz 
lk«t»r 
(S«e  Fig.Z) 

Location 
{See  Flg.2) 

Prelect 

^t£b»*r 

Distance 
frtm  fi! 

(ft) 

Predicted 

Overpressure 

(psi) 

Shock  Heve 
TIk  of 
Arrival 
(«) 

Positive 

Ouratlor. 

(»s) 

Positive 

Overpressure 

lapulse 

(psl-iB) 

Peak 

Overpressure 

(psl) 

Overpressure 
froa  Velocity 
Pairs 

IFil) 

1 

prvssure-dl stance 

Ca 

538.9 

53 

107.8 

■m 

1325.5 

54.7 

2 

drag  cylinder  #2 

nf 

735.0 

20.3 

206 

723.3 

20.6 

! 

1 

drag  cylinders  #162 

C4 

715  9 

21.8 

193.8 

1045.7 

22.2 

7 2!  S 

4 

drag  cylinders  #112 

'.s 

724.8 

21.0 

199.3 

1609.9 

21.5 

5 

drag  cylinder  #1 

C4 

735.0 

20.3 

202.6 

160.0 

785.5 

13.5 

6 

«nip  antenna 

875.3 

12.5 

293.6 

250.4 

1130.6 

12.5 

7 

Mtilp  antenna 

940.4 

10.4 

337.6 

238.5 

903.8 

10.4 

8 

lattice  Hst 

C" 

949.8 

10.7 

344.2 

229.3 

889.1 

10.5 

9 

drag  cylinder  #6 

a 

•*4.5 

10.0 

354.5 

225.8 

834.7 

9.8 

10 

drag  cylinders  #647 

S40.0 

10.4 

337.5 

144.4 

479.5 

10.0 

1 10.1 

11 

drag  cylinders  #647 

950.1 

10.7 

344.6 

227.8 

862.0 

10.1 

12 

drag  cylinder  #3 

953.2 

'.0.6 

347.3 

230.0 

046.9 

13 

Hnip  antenna 

CJ' 

^■25.4 

7.3 

471.9 

216.1 

694.2 

14 

INF  poleMst 

£2 

1135. 1 

7.1 

479.5 

212.1 

584.5 

•» 

15 

drag  cylinders  #445 

Ci' 

1115.1 

465.0 

303.9 

881.3 

16 

drag  cylinders  #445 

C4 

1125.0 

472.4 

242.0 

700.0 

17 

pressure -distance 

CS 

J 

1.169.4 



661.1 

298.4 



519.2 
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CONCLUSION 


The  results  obtained  from  the  air  blast  measurements  carried  out  on  Event  Dice 
Throw  to  define  the  blast  environment  In  the  vicinity  of  the  stcxictural  response  and  aero- 
dynamic drag  projects  were  close  to  those  predicted.  Pressure-distance  data  for  a 
hemispherical ly  capped,  cylindrical  62B-ton  AN/FO  charge  were  obtained  between  the  50  psi 
and  5 psi  levels. 
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init/SHF  TRANSMISSION  'JXPERIMENT 


ABSTRACT 


A UHF/SHF  transmlBslon  experlnent  ras  fielded  to  measure 
the  effects  on  signal  propagation  of  the  dust  cloud  lofted  by 
the  DICE  THROW  detonation.  CW  aigi  Is  at  lalght  frequencies 
between  about  400  MHz  and  10  OHz  w -e  transmitted  along  six 
paths  penetrating  the  space  above  and  near  ground  zero, 
although  not  all  frequencies  were  used  on  each  path.  All  the 
signals  were  derived  from  a comnion  source,  and,  because  a 
phase  reference  from  ^-he  transmitter  was  supplied  to  the 
r<scelvlng  system  along  a path  skirting  the  detonation,  phase 
as  well  as  amplitude  perturbations  could  be  measured.  Spe- 
cial photographic  coverage  designed  to  record  tiie  evolution 
of  the  dust  cloud  from  several  vantage  points  supplemented 
and  supported  the  RE  measurements. 

Amplitude  fluctuations  were  as  great  as  20  dB  poak-to- 
peak  at  400  MHz,  and  exceeded  50  dB  at  10  GHz  in  some 
instances.  A measured  phase  change  of  about  4 radians  at 
400  MHz  on  a path  passing  directly  above  ground  zero  corres- 
ponded to  an  integrated  dust  density,  or  dust  content,  of 
about  120  gm/cm^;  a uniform  dust  density  of  4 x 10“^  gm/cm^ 
over  a 300-m  dust  cloud  dlametei’  would  result  in  a lOO-gm/cm"^ 
dust  content.  However,  the  possibility  that  diffraction 
distorted  the  phase  mcasuroments  means  that  one  should  be 
cautious  about  associating  phase  shift  with  Integrated  dust 
density.  Some  decorrelation  occurred  between  the  fluctu- 
ations of  signals  spaced  abovit  35  MHz  apart,  around  400  MHz. 

Extensive  dust  clouds  can  be  lofted  by  surface  and 
near  surface  nuclear  detonations.  Such  clouds  may  seriously 
affect  r3iiimunrca  ions  and  radar  systems,  particularly  it 
shorter  wavelengths,  especially  rollllneter  wavelengths. 
Experiments  such  as  the  one  described  liere  serve  to  quantify 
the  effects  of  dust  clouds  on  RF  propagation, 
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I INTRMIUCTION 

SRI  fielded  a UHF/SHF  tranamission  experinent,  sponsored  by  the 
Atmospheric  Effects  Division  of  the  Defense  Nuclear  Agency  under  Con- 
tract DNA001-75-C-0206,  to  meadure  the  effects  of  dust  and  debris  on 
signals  passing  through  the  cloud  lofted  by  the  DICE  THROW  main  event. 
Since  the  explosion  apparently  lofted  about  3 to  5 kt  of  soil,  it  simu- 
lated in  at  least  one  way  a much  larger  nuclear  detonation  than  its  500- 
ton  TNT  equivalent.  Measurement  of  dust-induced  perturbations  and 
degradations  of  UHF  and  microwave  sigial  propagation  constituted  the 
overall  objective  of  this  experiment. 

An  important  specific  objective  of  the  transmission  experiment  . s 
to  provide  Inputs  for  developers  of  codes  for  predicting  the  effects  and 
chararterletlcs  of  dust  clouds.  Codes  such  as  HULL,  OUSTV,  DICE,  VORDUM, 
SCOUR,  etc,,  are  the  only  treans  of  generalizing  or  extrapolating  from 
ore  situation  to  another  (e,g.,  HE  to  nuclear).  Comparison  between  code 
predictions  and  experimental  data  for  the  DICE  THROW  test  leads  cither 
to  more  conflderce  in  the  code  predictions  or  to  improvement  of  the 
cocos  thems'ilves,  TLc  groundwvo»-k  for  comparisons  between  theory  and 
experiment  was  begun  prior  to  the  DICE  THROW  test.  This  experiment  was 
the  first  to  .Tieasure  amplitude  and  phase  perturbations  due  to  a dust 
cloud  from  an  explosion. 

Another  objective  was  to  establish  an  effects  threshold.  It  is 
assumed  that  the  nuclear  situation  will  be  far  worse. 
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The  natter  present  in  the  dust  cloud  Increases  the  refractive  Inden 


of  the  medium,  which  causes  a retardation  of  the  phase  of  an  RF  signal 
passing  through  the  cloud.  This  Iccalizcd  phase  retardation,  in  turn, 
car.  give  rise  to  refractive  (focussing)  mid  diffractive  (scattering) 
effects  that  can  seriously  disrupt  a communications  (or  radar)  signal 
through  effects  such  as  fading  and  bandwidth  reduction.  Because  the 
dust  particles  are  also  lossy,  sigrificant  absorption  of  RF  energy  by 
the  dust  cloud  can  also  occur.  Scattering  of  RF  energy  out  of  the  beam 
la  a further  source  of  attenuation.  Other  objectives  of  the  experiment 
were  to  determine  the  relative  magnitudes  of  the  two  components  of 
attenuation  and  tiie  phase  shift  and  to  establish  their  wavelength 
dependencies . 

When  all  of  the  dust  particles  are  much  smaller  than  the  wavelengths, 
the  phase  shift  and  absorption  can  be  theoretically  related  in  a very 
straightforward  way  to  the  integrated  dust  density  through  the  cloud. 

Thus,  In  the  absence  of  significant  distortion  due  to  diffractive 
effects,  an  average  value  for  the  dust  density  as  a function  of  time  can 
be  computed.  Such  diagnostic  measurements  of  dust  density  comprised 
another  experimental  objective. 

These  measurements  h.ive  important  Implications  for  communications 
and  radar  systems.  The  much  larger  dust  clouds  following  nuclear 
detonations  may  seriously  disrupt  SI!F  and  EHF  systems  for  prolonged 
periods  of  time.  Even  In  the  UHF  range,  a dust  cloud  could  disturb  a 
low-margin  system.  Thus  It  is  important  to  quantify  the  effects  of  dust 
clouds  on  RF  propagation  in  order  to  properly  take  them  into  account. 

II  EXPERIMENT  DESCRIPTION 


Figure  1 Shows  the  layout  of  the  UHF/SHF  transmission  experiment. 
A hardened  main  transmitting  system  was  placed  atop  on  earthen  mound 
630  m from  ground  zero.  Its  signals  were  received  at  three  antenna 
locations  about  4 km  on  the  other  side  of  ground  zero.  Path  1 went 
directly  through  ground  zero,  11  m above  the  surface.  The  mni : 
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REMOTE 
TRANSMITTER 
(N.  OKUfo  PMk) 


FIGUKE  1 EXPERIMENTAJ.  LAYOUT  OF  DICE  THROW  TRAf?3MlSSION  EXPERIMENT 


tranamiiter  location  a conpromiao  b«!twoen  t)C{^ipment  aurvivabllity 
and  the  desire  to  reduce  the  Fi'^t^nel  zone  at  ground  zero,  thua  increasing 
the  lateral  spatial  resolution  u'  the  experiment,  A "phase  repeater" 
system  relayed  a signal  from  the  main  transnltver  around  the  region  dis- 
turbed by  the  dust  dot'd  to  serve  as  the  pnase  reference  signal  at  the 
receiver,  "Clutter  fences"  were  constructed  to  help  suppress  ground- 
reflected  multipath  signals. 

A remote  transmitter  was  located  on  n.  Oacuro  Peak  directly  in  line 
wirh  the  receiving  system,  ground  zero,  and  the  main  transmitter  (Figure 
2>.  This  trans.altter  was  phase  locked  to  the  mein  transmitter  and  it 
radiated  signals  along  paths  passing  about  190  m above  ground  zero  to 
th^  receiving  antenni's.  Figure  3 shows  the  penetration  points  of  the 
signal  paths  in  a vertical  plane  through  ground  zero  and  perpendicular 
to  paths  1 and  A,  Table  1 lists  the  fSMR  coordinates  of  the  various 
UHF/SHF  transmission  exocrimen''  sites. 

Table  1 

WSMR  CCORDIKATKS  OF  DICE  THROW  MICROWAVE 
TRANSMISSION  EXPERIMENT  SITE  LOCATIONS 


Si  in 

WSMR 

Coordinates 

(ft) 

E 

..  . 

s 

H 

Main  Transmitter 

44d,781 

651,329 

1 

175G 

Remote  Transmitter 
(North  Oscuro  Peak) 

488,230 

373,969 

7938 

Phasa  Repeater 

«4,800 

643,600 

•1720 

RecelvJ  g Site  1 
'Main) 

131,805 

643,672 

4689 

Receiving  Site  2 
(Out>-igger  1) 

432,556 

643,028 

4689 

Receiving  Site  3 
(Outrigger  2) 

432,079 

6-»x),811 

4687 
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FIGURE  3 1.IN5-0F-SIGHT  PENETRATION  POINTS  IN  VERTICAL  PLANE  THROUGH 
GROU.JD  ZERO  AND  PERPENDICULAR  TO  PATHS  ^ AND  4 

fourteen  dliferent  combinations  of  algnal  paths  and  frequencies 
were  used  (Table  2).  The  424.S-MHz  signal  from  H,  Oscuro  Peak  yas 
received  at  all  three  receiving  antenna  locations  but  recorded  on  a 
time-shared  basis  ylth  s 2-a  commutation  cycle  (1  s.  Path  4;  U.S  s, 

Path  S;  O.S  m,  Path  6).  Although  Path  6 passed  quite  far  away  from 
grouiid  zero,  It  was  believed  that  there  war  a reasonable  chance  that  the 
cloud  might  drift  Into  that  path  at  later  times, 

Slow-rate  craning  cameras  were  Installed  to  record  the  evolution 
of  the  dust  cloud  In  support  of  the  transmission  experiment.  The  SRI 
camera  locations  are  shown  In  Figure  and  Table  3 lists  their  oper- 
ating cha:t  Dcterlstlcs. 
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Table  2 


MEASUREMENT  FREQUENCIES 


Path 

Frequency 

(MHz) 

1 

^■'.608,  413.028,  447.447 

1273.503 

2881.106 

10188.024 

2 

413.028 

10188.024 

3 

413.028 

10188.024 

1 

424.501 

8914.521 

5 

424.501 



424.501 

All  of  the  traninlfslons  were  CW  alKnale  derived  fron  a aingle 
reference.  Pove'*’  Icvela  ranged  fron  leaa  than  1 wHf  to  about  10  mW, 
reaultlng  In  Slgnal-to-nolae  ratios  ranging  fron  35  to  55  dB  in  the 
300-Hz  receiver  bandwldtha.  The  quadrature  componenta  of  the  complex 
envelopea  of  the  received  aignala  were  obtained  by  means  of  a pair  of 
synchronous  demodulators  in  each  of  the  receiver  channels. 

The  primary  data  acquisition  ayatem  conaiated  of  a 500-aample-per- 
aecond~pcr-chi:nnel  analog- to-digltal  conversion  nystem  and  a pair  of 
digital  tape  recorders  under  the  control  of  an  HP-2100  mlnlcoaiputer. 
Each  cf  the  tape  recorders  operated  independently  of  the  other  so  as  to 
provide  redundancy  In  case  of  recorder  failure.  A separate  analog 
recorder  was  uued  as  well  aa  an  overall  backup  system. 

Prjior  to  T - 10  min  the  main  tranamittar  and  phase  repeater  were 
connectitd  to  dummy  loads.  They  were  switched  automatically  to  their 
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Table  3 


AUTOHAX  35-M  FRAMIMG  CAMERA  DATA 


No. 

Location 

Focal  Length 
(so) 

Field  Of  View 
<°V  X ®H) 

Framing  Rate 
(per  second) 

D 

R1 

35 

30  X 38 

5,  then  1 

R1 

85 

12  X 17 

5,  then  1 

MT 

18 

53  X 70 

2 

■■ 

PR 

35 

30  X 38 

2 

5 

PR 

85 

12  X 17 

2 

6 

NOP 

85 

12  X 17 

5,  then  1 

7 

NOP 

300 

3.6  X 4.8 

5,  then  1 

R1 — Receiver  Site  1 
MT — Mtln  Tranamltter 
PR— -Phaae  Repeater 
NOP — North  Oacuro  Peak 

antennas  at  T - iO  min  by  K<eana  of  appropriate  signals  from  the  timing 
and  firing  (TCcF)  system.  The  N.  Oscuro  Peak  transmitter  was  operated 
manually,  The  cameras  were  turned  on  at  T - 1 nln  either  by  TfcF  signals 
or  manually,  depending  on  their  locations.  System  tests  end  calibrations 
were  carried  out  before  and  after  the  detonation. 


Ill  RESULTS 

Figures  4 and  5 present  the  principal  raw  amplitude  end  phase  data 
from  Path  1 up  to  T + 15.5  a.  A large  number  of  360-degree  phase  wrap- 
ups  occurred  on  all  but  the  UKF  signals,  where  a peak  phase  change  of 
about  4 radians  occurred.  Because  only  one  sonplo  In  1000  is  plotted 
here,  phase  discontinuities  at  tl80°  are  not  wfll  resolved;  this  effect 
is  more  noticeable  at  the  higher  frequencies  where  larger  and  more  rapid 
phase  shifts  occurred.  The  379-  and  447-MHr.  perturbations  were  somewhat 
different  from  the  413-MHz  perturbation,  which  Indicates  that  the  co- 
herent bandwidth  at  400  MHz  was  not  much  gi eater  than  70  MHz. 
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FIGURC  4 PATH  1 UHF  AND  L-BAND  AMPLITUDES  AND  PHASES 


Although  the  atrf>ngeat  perturbatlona  tiled  down  by  about  T -t-  6 a, 
dual  effects  on  the  phase  shifts  persisted  until  about  T + 36  s before 
suddenly  ceasing  (Figure  6).  At  T 4 10. d s the  arrival  of  the  ahock 
wave  at  the  receiving  alte  shook  the  phase-reference  receiving  antenna 
enough  to  cause  the  three  phase-locked  oscillators  in  the  10.2-GKz 
receiving  syateaa  to  lose  lock.  The  effects  of  the  oscillating  antenna 
■sy  be  scan  In  all  of  the  lower- frequency  records  (the  peak  antenna 
dlsplsceeent  waa  about  S n). 

Flgurea  7 and  C ahow  slellar  plots  of  the  raw  amplitude  and  phase 
of  the  UHF  and  X-band  slgnala  for  Paths  3 and  3.  Again,  the  atrongest 
perturbatlona  of  the  UHF  algnal  died  out  by  about  T 4 5 or  6 s.  At 
X-bsnd,  however,  the  strongest  perturbations  aeem  to  be  progressively 
more  delayed  In  tlwe  as  the  offsets  of  the  paths  from  ground  zero  In- 
crease. This  effect  la  probably  due  to  scattering  from  the  larger 
crater  ejecta  particles  that  follow  ballistic  trajectories.  While 
larger  particles  are  more  effective  acatterers  at  abort  wavelengths, 
they  only  slightly  affect  the  UHF  slgnala. 

Sudden  ceaaatlona  of  phase  effects  slmllsr  to  that  st  T v 36  a 
noted  for  Path  1 also  occurred  on  Paths  ? and  3,  but  at  T 4 33  and 
T 4 16  s,  respectively.  These  times  are  consistent  with  the  rapid 
rlght-to-lef t lateral  motion  of  the  dust  cloud  an  seen  from  the  receiving 
sites,  and  luply  a lO-to-13-m/s  surface  wind  velocity.  This  value 
agrees  very  well  with  the  ll.n-n/s  velocity  of  the  cloud  base  determined 
from  the  photographic  data,  and  la  substantially  larger  than  the  l.S-.a/a 
surface  wind  velocity  reported  at  Stallion  Range  Center.  The  rapid 
lateral  motion  of  the  cloud  waa  probably  the  most  Important  factor  that 
limited  the  duration  of  algnal  pertuj'batlons. 

Because  of  Its  rapid  lateral  motion,  only  a small  part  of  the  cloud 
Interdicted  Path  4.  Figure  9 ahowa  four  views  of  the  cloud,  two  at 
T 4 30  s a Id  two  at  T 4 SO  s.  In  relation  to  the  signal  paths.  The  only 
part  of  the  cloud  affecting  Path  4 wan  the  single  convective  cell  pro- 
truding from  ths  south  side  of  the  cloud.  Figure  10  presents  the  X-band 
amplitude  and  phase  for  Path  4.  Signal  perturbations  .'tasoclsted  with 
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FIGURE  3 PATH  3 UHF  AND  X-BAND  AMPIITUDES  AND  PHASES 
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FIGURE  9 DUST  CLOUD  VIEWS  AT  T + 20  AND  T + 30  s AS  SEEN  FROM  RECEIVER  AND  PHASE  REPEATER  SITES 


TIMt  AFTER  DETONATION  — • 

FIGURE  10  PATH  4 AMPLITUDE  AND  PHASE  v..  TIM'i  AT  0.9  GHz 


the  passage  of  the  primary  and  reflected  shock  waves  through  the  line 
of  sight  can  be  seen  prior  to  the  occultatlori  by  the  dust  cloud  between 
T + 17  and  T + 36  a.  Just  before  occultatlon  a negative  phase  shift 
occurred,  which  was  apparenrly  caused  by  a thermally  enhanced  low- 
density  air  bubble  surrounding  the  dust  ctoud.  Weak  Amplitude  fluctua- 
tions superimposed  on  a small  decline  in  general  signal  strength  also 
occurred  during  the  occultatlon.  The  wavelength-scaled  UHF  phase  effects 
were  In  very  close  agreement  wltu  the  X-band  effects. 

Fart  of  thtf  effort  was  to  determine  the  dielectric  pt^pci'tles  of 
the  dust  cloud.  Toward  that  end  several  samples  of  powdered  material 
were  collected  from  the  crater  and  rim  and  analyzed  in  the  laboratory. 
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The  seapleB,  which  Trcre  nased  "«and,*'  "caliche  A,"  and  "caliche  R"  on 
the  baela  of  their  appeerrnce,  are  thought  to  be  reaecnably  representa- 
tive of  the  Bbterlal  coBprlelng  the  dust  cloud.  Table  4 eujaasrlzes  the 
results  of  the  laboratory  aeaaureaente  for  two  of  the  saaplea.  The 
■olid  particle  density  vae  ootelned  uslog  Avogadro'a  ■ethod,  and  the 
average  dielectric  properties  of  the  Individual  grains  comprising  the 
particles  were  computed  using  two  "■izlng  laws" — the  Paylelgh  and  the 
Llchtenecker  fomulas.  It  was  found  that  the  dielectric  content  de- 
creased slowly  as  the  frequency  Increased,  ani  that  the  loss  tangent 
could  be  characterized  by  two  teras.  The  first  tern,  rhlch  exhibited 
an  Inverse  frequency  dependence,  la  due  to  the  electrical  conductivity 
(c)  of  the  grains,  while  the  constant  second  tern  (tan  6^>  la  a "molecu- 
lar loss"  term.  (As  expected,  both  terms  were  very  sensitive  functlonr 
of  the  aolsture  content  of  the  saaplas,  which  was  determined  by  drying 
the  sawplea  In  a vacuum.) 

I'he  theoretical  dlolectrlc  properties  of  the  low-denalty  duat 
cloud  could  then  be  computed  from  the  average  properties  of  the  grains. 
Figure  XI  shows  the  refractlvlty — defined  as  N s (n  - 1)  x 10  , where  n 
Is  the  refractive  lndex--as  a function  of  dust  cloud  mass  density  for 
two  of  the  samples.  For  reference,  the  typical  range  of  the  ambient 
atmospheric  surface  refractlvlty  was  Included  In  Figure  11.  Figure  12 
shows  the  ratio  of  theoretical  signal  attenuation  In  decibels  per  radian 
of  phase  retardation  suffered  by  a signal  passing  through  dust  clouds 
composed' of  the  three  sample  materials.  The  Increase  In  the  ratio  at 
low  frequencies  Is  due  to  the  conductivity  term. 

The  results  shown  In  Figure  11  can  be  used  to  Inter  duat  densities 
In  the  cloud.  In  the  absence  of  dlstortloua  due  to  effects  such  as 
diffraction,  the  phase  shift  Is  proportional  to  the  Integrated  refrac- 
tlvlty  and  hence  to  the  Integrated  dust  density  along  u line  of  sight. 
Figure  13  shows  the  UHF  and  X-band  phases  with  the  360^  ambiguities 
removed.  Only  the  413-KHz  results  can  be  used  for  this  purpose  because 
the  X-band  perturbations  wero  so  severe  that  there  was  a complete  loss 
of  the  coherent  signal  component.  And  even  the  UHF  curve  should  be  used 
with  caution  beesuse  the  substantial  accompanying  asplltude  fluctuations 
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FIGURE  12  ATTENUATION  PGR  RAOiAN  OF  EXCES^'i  PHASE  SHIFT  vi.  FFiEQUE;;OY 


(vee  Figure  4)  Indicate  that  subaiantial  diffraction  vai  present.  But 

if  we  aeauae  that  the  4-radlan  peak  phase  shift  at  413  MHe  is  a reaaon- 

2 

ably  accurate  number,  an  integrated  dust  density  of  about  lls  gm/cm 

-3  # 3 

followS|  which  im^lieu  a 3.7  x *3  g*/cii  nverage  dust  density  over 

the  31S-m  path  length  through  the  cloud.  Diffraction  calculations  using 

simple  models  for  tha  dust  cloud  give  results  for  both  Paths  1 and  2 

-3  3 

consistent  with  average  dust  densities  on  the  order  of  10  gm/cm  , and 
indicate  that  the  Path  1 results  may  be  reasonably  accurate , 

Diffraction  wan  not  a factor  in  the  Path  4 occultation  described 
above  (Figures  9 and  10),  The  peak  phase  shift  at  X-band  of  about 

1.8  radians  at  T -*■  23  s corresponds  to  an  integrated  dust  density  of 

2 

1.9  gm/cm  . Since  the  path  length  through  the  small  part  of  the  cloud 

that  Interdicted  Path  4 was  about  300  m,  the  average  dust  density  in 

—5  3 

that  part  of  the  cloud  then  was  6.5  X 10  gm/cu  . 'Substantially  greater 
effects  would  hsve  been  observed  had  the  cloud  risen  vertically. 
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FIGURE  n FATI*  1 FHASE  SHIFT  «t.  TIME 


The  ■•aaured  Path  1 UKF  phase  ahtft  can  alau  be  uaed  to  nstlaace  the 
tnaoretlual  attenuation  due  to  absorption  lor  the  hlKher-frequency  sig- 
nals on  that  path.  '.Ills  is  accoaipllshed  by  scaling  the  phase  shift 
dlrsetly  according  to  frequency  and  then  applying  the  results  shovn  In 
Figure  la.  Figure  14  shous  the  coaiparlsons  between  the  aeasured  signal 
strengths  aud  the  absorptions  coaq>uted  according  to  the  method  above. 

The  theoretical  absorption  curves  have  been  placed  to  match  the  eventually 
measured  signal  levels  after  the  dust  cIoimI  blew  away.  'The  reason  that 
the  pre-detonutlon  signal  strengths  are  lower  than  the  eventual  level  is 
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FIGURE  14  COMPUTED  ATTENUATION  (diihtd  cufWi)  COMPARED  TO  MEASURED 
SIGNAL-STRENGTH  FLUCTUATIONS  — PATH  1 


that  th«  axpluslva  chargs  partly  obatnctcd  Signal  Path  i;  thla  effact 
la  graater  at  tha  hlghar  fraciManclaa. 

Tha  paak  calculatad  cbsorptlona  ranged  tiam  1.3  dB  at  UHF  to  nearly 
ao  dB  at  X-hand.  Scattering  loeees  praeuaably  accounted  for  tt.#  ra- 
■alndar  ol  the  obaerved  average  dacllnea  In  algnal  atrrngth.  That  tha 
acatterlng  loaa  at  10.2  CHa  appeara  to  be  aMallar  than  at  2.9  GHa  la 
anoaialoua.  K poaalble  explanation  la  that  foeualng  la  aora  affective 
at  higher  fraquenclea  and  partly  nakea  up  for  tho  Incraaced  attanuatlon. 


IV  CONCLUSIOM 

The  UHF/SKF  Tranaalaalon  Experiment  vaa  aucceaaful  In  collecting 
good  quality  data  during  the  DICE  THROW  HE  event.  Although  tha  arrival 
of  the  ahock  wave  at  the  receiver  alte  cauaed  the  loaa  of  three  of  the 
twelve  aeaaureaent  channela  froai  T * 10.5  a until  T -r  60  a,  little  data 
waa  actually  loat.  Data  froai  other  tranailaalona  along  the  aaaa  algnal 
paths  were  Initially  unaffected  by  the  ahock  wave.  And  becauae  the  duat 
cloud  aoved  unexpectedly  rapidly  away  froai  the  algnal  patha,  the  atron- 
gest  sfCocta  were  esaentlally  over  by  the  tlae  tha  outage  occurred. 

Extensive  photographic  coverage  of  the  duat  cloud  was  also  accoai- 
pllahed.  This  apeclallzed  coverage  supported  the  alcrowave  tranaalaalon 
experiment  by  providing  photographs  of  the  duat  cloud  at  relatively  alow 
rates  for  an  extended  period  of  tine  along,  and  at  right  anglas  to,  the 
signal  paths. 

Very  large  amplitude  fluctuations  and  fadea  occurred  at  early  tlaea 

(before  T -f  S a)  on  the  low-altitude  algnal  patha,  riuctuatlona  ranged 

from  20  dB  peak-to-peak  at  40C  MHz,  to  more  than  50  dB  at  10.2  GHz. 

Although  diffraction  phenomena  were  very  important  o the  observed 

amplitude  fluctuations,  extinction  due  to  absorption  and  scattering 

also  contributed  to  algnal  strength  declines.  A peak  phase  shift  cf 

about  4 radians  waa  seen  at  413  MHz,  which  corresponds  to  an  integrated 

2 

duat  density  of  120  gm/cn  , if  diffraction  effects  are  neglected.  This 

-3  3 

in  turn  corresponds  to  a uniform  duat  dciiSity  of  4 x 10  gm/cw‘  spread 
over  a 300-m  path  through  the  cloud. 
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It  had  originally  b«en  anticipated  that  phase  perturbations  would 
doaiinate  the  results.  Such  phase  perturbations  could  have  severe  in- 
pacts on  certain  types  of  coBnunicattons  systeas,  particularly  on  systsBS 
having  wide  bandwidths  or  uolng  phase-lock  techniques.  3ut  the  large 
aaiount  of  anplltude  fluctuation  aecn  even  at  UHT  suggests  that  unsophis- 
ticated aystess  say  be  adversely  affected  by  duat-laden  environments. 
Thus,  the  possibility  of  encountering  larger  perturbations  spread  over 
a greater  area  (after  i\  nuclear  detonation  or  a serlca  of  nuclear  deto- 
nations) than  the  already  aigniflcant  perturbations  measured  for  the 
limited  ares,  SOO-ton  DICE  THROW  event  rould  strongly  influence  oystess 
design  and  configuration  choices.  It  la  anticipated  that  the  results 
from  this  type  of  ezperlnrnt  will  strengthen  the  nuclear  predictive 
codes. 

At  300  UHz  the  calculated  attenuatlon/exceas  phase  shift  from  the 
measured  properties  of  the  aenples  ranged  fiYMs  0.3  to  0,6  dB  per  radian. 
Thus,  even  at  UHP  an  extensive  duat  cloud  or  duat-laden  region  following 
a series  of  nuclear  surface  hursts  could  seriously  affect  s systea  liavlug 
s low  signal-to-nolS9  eiargln.  Several  decibels  of  attenuation  coulu 
occur  for  many  tens  of  minutes  or  for  several  hours,  depending  on  wind- 
drift  rates. 

Absorption  becomes  a>ore  severe  as  the  frequency  increases.  At 
10  GHz,  for  example,  a dust  cloud  could  be  responsible  for  several  tens 
of  decibels  of  attenuation.  Millimeter  waves  could  be  even  more  severely 
affected.  Even  a nodes t duat  cloud  could  darken  the  30-GHz  atmospheric 
window  from  absorption  alone.  Extinction  of  aignala  by  scattering  would 
further  increna^e  attenuation  and  exacerbate  the  situation. 

radlng  due  to  diffraction  may  be  auperimpoaed  on  the  general  level 
of  rttenuatlon  by  a dust  cloud.  This  possibility  must  be  convtdered  aa 
well  during  ayatens  evaluations. 
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V 


abstract 


The  Air  Force  Weapons  Laboratory  was  requested  oy  RAAE  of  Head- 
quarter. Defense  Nuclear  Agency  (DNA)  to  iwke  cloud  rise  calculations 
for  Dice  Throw.  Both  preshot  and  postshot  calculations  were  done. 

The  preshot  calculation,  predicted  the  dust  cloud  rise  and  growth 
and  aided  Stanford  Research  Institute  (SRI)  l„  designing  microwave 
transmission  experiments  for  Dice  Throw  (Ref  1). 

Postshot  calculations  were  done  to  help  explain  the  results  of 
the  tent.  They  Included  the  effects  of  the  dust  clouds  on  microwave 
phase  shift  and  attenuation.  The  ambient  shear  winds  present  at  the 
test  site  on  th.  morning  of  the  event  were  later  Included  In  the 
calculations. 
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INTRODOCTIOH 


TIm  duat  cloud  rla«  calculationa  vara  dona  in  four  atapa. 

1.  A calculation  of  tha  air  blaai:  envlronaant  out  to  ona  aacond  aftar 
datonatlon  waa  dona  ualng  tha  HULL  hvdrodynaalca  coda  (Ref  2) . This 
calculation  uaad  3 Materials  vlth  high  explosive  bum.  The  rcxonc  tech- 
nique used  to  retain  high  resolution  of  the  air  blast  In  the  grid  ra- 
aultad  In  coarse  toning  In  the  fireball  region  (Ref  3). 

2.  Ati  additional  HULL  calculation  was  begun  froa  the  air  blast  calcu- 

lation. It  was  started  at  a tliae  when  the  charge  had  expanded  suffi- 
ciently to  define  the  air  shock  hut  the  zoning  In  the  fireball  region 
was  atill  tnough  to  define  cloud  rise.  This  calculation  was  run 

to  180  second!  iind  defined  air  velocities,  densllles,  and  temperatures 
as  function  of  time  and  space. 

3.  Ualng  DUSTY,  APVL'a  dust  cloud  code,  the  trajectories  of  2000  dis- 
crete repreaentative  particles  were  coopjted.  ~h  particle  was 
casigned  a radius  depending  on  the  predicted  particle  size  range. 

The  particle  radii  were  casuaed  to  range  from  .0025  and  100  cm. 

Drug  and  gravity  forces  were  included  In  these  trajectory  calcula- 
tions. 

4.  The  total  acaa  ejected  was  divided  among  the  representative  par- 
ticles according  to  an  assuaed  particle  olee  distribution.  This  size 
distribution,  along  with  the  particles  positions  In  the  air  and  on 
the  ground  determine  the  mass  aloft,  the  cloud  density,  and  the  num- 
ber densities,  and  were  uwed  to  calculate  radio  transmission  effects. 


CALCULATIONS 


Prashot  calcjl(>tlona  did  not  agrae  well  v*th  the  observed  Dice 
Tltrrw  dust  cloud  for  tao  reasons;  poor  initial  conditions  and  inade- 
quate hydrodynaoic  definition  in  the  fireball  region. 

The  assuued  loitiaX  conditions  were  based  on  photograp of  Pre- 
Dlca  Throw  II-2  (Ref  1),  which  had  a slnllar  charge  compoBlti&!::>  &nd 
ccntiguration  (hasilspherically  <i<tpped  cylinder).  Ejecta  and  toe 
early  tine  d'sat  cloud  from  iiice  Throw  was  quite  different  from  that  of 
Pre-  Oice  Throw  II-2.  Probably  the  absence  of  a water  table  at  Dice 
Throw  changed  the  ejecta  pattern  and  size  distribution. 

Since  the  HULL  computational  mesh  expanded  to  contain  the  blast 
waves,  the  preshot  calculations  suffered  from  inadequate  zoning.  By 
one  minute  after  detonation,  the  dus^:  cloud  occupied  on’’  a few  of 
the  16800  zones  in  the  calculation. 

To  correct  this  deficiency  in  the  preshot  calculations,  a new 
rezone  tecnnlque  was  developed  end  Incorporated  into  the  HULL.  With 
this  method,  25Z  of  the  total  number  of  zones  were  in  the  fireball 
area,  and  were  allowed  to  expand  at  a slower  rate  than  those  in  the 
shock  region.  The  resolution  of  air  blast  was  diminished  while  cloud 
definition  was  Increased.  Figures  1 and  2 compare  the  grids  used  in 
the  two  HULL  calculations.  For  c.laTrlty,  in  both  cases,  only  every 
fourth  z'>ne  boundary  from  the  HUIL  calculation  is  shown. 

Ideally,  a calculation  sb''u.id  be  run  with  censtant  fine  zoning 
throughout  the  HUJL  grid  which  '-’'Ould  result  in  good  definition  in 
both  the  fireball  and  shock  regions.  This  would  reqii(''e  a very  large 
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nuBiber  of  zones  and  would  be  costly  to  run. 

Initial  calculations  were  done  urlng  a cratering  and  ejecta  nndel 
developed  for  nuclear  casesn  The  calculated  cloud  did  not  agree  with 
the  observed  Dice  Throw  dust  cloud.  In  the  absence  of  a good  cratering 

t 

nodel.  the  Ir  *.tlal  conditions  for  ejecta  were  based  on  photographs  of 
Dice  Throw  taken  by  SRI  (Ref  4)  at  early  tines.  The  photograph  of  the 
dust  cloud  at  1 second  (Fig  3)  Indicates  a relatively  stationary  dust 
done  atop  a slightly  rounded  dust  platform  In  contact  with  the  ground. 
Figure  4 Illustrates  the  DUSTY  model  for  the  Initial  dust  cloud.  At 
one  second  Che  dust  particle  velocities  were  assumed  to  be  zero  because 
of  the  relatively  stationary  appearance  of  the  overall  cloud.  Thaae 
inlclcl  zero  velocities  had  no  effect  on  the  hydrodynamic  'low  fields 
and  In  the  first  cycle  particle  motion  was  Initiated. 

The  dust  cloud  and  stem  which  evolved  froin  these  Initial  conditions 
(Fig  5)  gives  good  qualitative  agreement  with  the  photographic  data 
but  exhibits  smaller  dimensions  chan  Che  observed  cloud. 

In  calculating  Che  mass  loading  of  the  dust  cloud  It  Is  necessary 
to  assume  a lust  particle  size  distribution.  Two  distributions  were  use 
In  the  poseshoC  calculation'^;  a Dice  Throw  dlstiibutlon  and  a hard 
rock  distribution  (Fig  6). 

The  Dice  Throw  particle  size  distribution  was  obtained  from  In- 
eltu  laeasurements  tak>n  at  the  test  site  (Ref  5). 

The  hard  rock  distribution  has  a large  portion  of  its  mass  in 
cot  les  and  bouluers.  It  illustrates  a possible  distribution  If  Che 
soil  cluJBDS,  agglomerates,  or  otherwise  Is  not  reduced  to  in-sltu  size 
by  the  cratering  process. 
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Tlie  aisuaptlon  was  oadc  that  there  were  ten  Icllotona  of  ejecta 
In  the  cloud  Initially  (A  cylinder  of  aablent  aoll  density  of  the 
cloud's  radius  and  less  than  2 cm  in  depth  would  contain  more  than 
ten  ^llotons  of  maaa).  Using  the  two  particle  site  distributions  and 
computed  particle  trajectories^  the  mass  aloft  versus  time  was  calcu- 
lated (Fig  7). 

The  hard  rock  cloud  loses  most  of  Its  mnss  quickly  as  the  large 
particles  fall  out.  Once  thj  cobbles  and  boulders  have  fallen  out, 
the  cloud  density  for  the  hard  rock  particle  alee  dlstclbutlon  Is  two 
orders  of  magnitude  lower  than  for  tivt  Dice  Throw  distribution. 

In  calculating  particle  size  distributions,  It  Is  often  assumed 
that  the  size  distribution  Is  Inversely  proportional  to  the  particle 
radius  raised  to  some  , tower.  Pur  hard  rock  the  Initial  power  of  the 
cloud  La  3.5,  and  for  Dice  Throw  distribution  It  Ij  4.8.  As  the  larger 
pertlcles  fall  out,  the  cize  distribution  power  Increases.  Figure  8 
compares  size  distribution  power  versus  time  for  the  two  soil  types. 

Finally  the  SRI  scattering  and  absorption  models  were  applied 
to  determine  the  phase  shift  and  attenuation  of  microwave  transmissions 
along  the  various  pacha  in  the  SRI  experiments  (Ref  1 & 6).  Tha  com- 
puted phase  shift  Is  proportional  to  the  cloud  mass  density.  Because 
both  soil  dlstrlbuClonu  had  the  aame.  Initial  mass  loading  and 
density,  the  Initial  phase  shift  of  4.2  radians  for  the  Dice  Throw 
distribution  (Ffg  9)  and  5 radians  for  the  hard  rock  distribution 
(Fig  10)  are  nearly  equal.  The  fact  that  the  Initial  calculated  phase 
shifts  are  close  to  the  4 radian  phase  shift  measured  by  SRI  (Ref  6) 
Implies  that  Che  Initial  mass  aloft  of  ten  kllotona  In  the  calculations 
was  approximately  correct. 
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Initial  cclculationn  of  attenuation  were  baaed  on  acatterlng  only 
(Ref  1)  and  exhibited  poor  agreeiaent  with  the  experimental  data.  How- 
ever, when  an  abaorptlon  tern  (Ref  6)  was  added  to  the  calculation,  the 
results  agreed  much  Dare  closely  with  experlaental  data. 

The  attenuation  for  the  Dice  Throw  distribution  Is  due  entirely  to 
absorption  (Ref  6).  At  the  lOCHz  frequency,  absorption  accounts  for 
almost  all  of  the  measured  attenuation  (Fig  11).  At  the  416  MHz  fre- 
quency, absorption  accounts  for  only  20X  of  the  measured  attenuation 
(Fig  12). 

The  attenuation  for  the  hard  rock  distribution  Is  due  equally  to 
scattering  and  absorption.  At  the  10  GHz  frequency,  the  hard  rock 
distribution  predicts  six  more  times  more  attenuation  than  measured 
(Fig  13).  At  416  MHz,  the  same  assumed  dlstribtulon  predicts  approxi- 
mately the  measured  value  for  attenuation  (Fi^  14), 

From  this  Information  we  conclude  that  the  actual  particle  si: 
distribution  for  Dice  Throw  Is  either  between  or  some  coni>lnatlon  of 
therie  two  di'^trlbutlons. 

Analyses  of  these  sorts  appear  to  offer  a method  for  deriving 
the  size  distribution  for  ejecta  while  It  Is  still  aloft.  This  In- 
formation Is  essential  to  accurate  nuclear  cloud  calculations. 

None  of  these  calculations  took  Into  account  the  effects  of  ambient 
shear  winds.  Later  calculations  were  done  with  shear  winds,  as  measured 
from  SRI's  photographs.  Included.  Figures  15  and  16  are  nhotographs 
of  the  dust  cloud  taken  at  35.9  and  45.9  seconds  by  SRI  from  North 
Oscuro  Peak.  Figure  17  shows  a calculation  of  particle  positions  and 
their  Images,  Including  wind  shears  at  40  seconds.  It  can  be  seen 
that  the  calculated  cloud  cloud  closely  resembles  the  actual  duet 
cloud. 

(> 


S^allarly.  Flguras  18  and  19  coapare  a photograph  of  tha  duat  cloud  at 
77.9  aeconds  and  the  calculated  cloud  at  80  seconds. 

Even  though  tha  calculationa  are  2-dlMen8lonal , the  shear  winds  are 
perpendicular  to  the  line  of  view,  they  give  a good  representation  of  the 
actual  cloud.  The  next  step  would  be  .r  perform  the  phase  shift  and 
attenuation  calculations  with  anblcnt  shear  winds. 


CONCLUSION 


It  Is  evident  from  comparisons  of  these  calculations  to  experimen- 
tal data  that  the  duat  clouds  calculated  by  the  HULL  and  DUSTY  codes 
can  be  uoed  to  predict  dust  clouds  from  high  explosive  and  nuclear 
bursts.  With  the  addition  of  a measured  dust  particle  sire  distribution, 
the  accur  of  the  calculations  will  be  greatly  improved.  Until  such 
data  is  available,  these  codes  along  with  anticipated  particle  distri- 
butions give  AFWL  the  capability  of  doing  dust  cloud  rise  and  micro- 
wave  transmission  calculations. 
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FIGURE  1,  HULL  COMPUTATIONAL  MESH 

FROM  OLD  REZONE  PROCEDURE 
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[ FIGURE  2 . HULL  COMPUTATIONAL  MESH 

FROM  NEW  REZONE  PROCEDURE 
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Figure  3:  Dust  Cloud  as  viB'Ied  from  Morth  Oscuro 
Peak  at  one  second 
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Figure  8.  Particle  Size  Distribution  Power  (a)  Versus 
Time  For  Dice  Throw  and  Hard  Rock  Particle 
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Figure  i5.  SRI  Photograph  of  Dust  Cloud  From 
North  Oscuro  Peak  at  35.^  Sec 
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FiflURE  16.  SRI  Photograph  of  Dust  Cloud  From 
North  Oscuro  Peak  at  ^5,9  Sec 
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ABSTRACT 

Strong  motion  and  far-field  seismic  measurements  were  fielded  on  the  DICE 
THROW  event  at  ground  ranges  varying  from  380  meters  (1,250')  to  18,800  meters 
(62,000')*.  The  far-field  motions  in  this  desert  alluvial  environment  were 
similar  in  character  to  the  Pre  DICE  THROW  II  test  events  located  in  the  adja- 
cent Tularosa  Basin,  the  Watching  Hill  test  events  (Distant  Plain  6,  Dial  Pack, 
Prairie  Flat)  at  the  Defense  Research  Establishment  at  Suffield,  Canada,  and 
the  Trinity  nuclear  explosion  located  4 km  to  the  east  of  the  DICE  THROW  ground 
zero.  The  far-field  motions  can  be  characterized  by  the  predominance  of  a slow 
traveling  and  anomalously  large  amplitude  wave  which  has  now  been  identified 
as  the  theoretically  predicted  fundamental  Rayleigh  mode.  The  anomalously  low 
frequency  motions  observed  near  the  ground  zero  on  the  Pre  DICE  THROW  II  events 
(dubbed  the  X-wave)  originally  believed  to  be  correlatable  with  the  above 
Rayleigh  wave  is  now  attributed  to  the  failure  and  liquefaction  of  the  sands 
located  at  a depth  of  4.3  to  0.5  meters  beneath  ground  zero.  This  motion,  like 
the  fundamental  Rayleigh  motion  further  out,  is  a 2-hertz  oscillatory  waveform. 


*This  effort  sponso«"ed  by  the  Air  Force  Office  of  Scientific  Research. 
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DICE  THROW  SEISMIC  MEASUREMENTS 
Laurence  S.  Melzer 


BACKGROUND 

For  several  years,  the  AFWL  has  been  involved  In  programs  to  monitor 
explosion  phenomena  in  the  earth.  This  interest  stems  from  concerns  over 
resistance  of  US  land-based  strategic  missile  forces  to  earth  shock.  Histor- 
ically, the  primary  emphasis  has  been  placed  in  ground  ranges  associated  with 
overpressure  in  the  range  of  hundreds  of  psi;  however,  recently,  new  techniques 
of  analysis  and  prediction  of  far-field  seismic  motions  have  offered  some 
promise  of  use  in  our  closer-in,  strategically  important  ground  shock  regimes. 

The  Air  Force  has  recently  considered  the  deployment  of  a land-based 
ICBM  system  which  would  augment/replace  MINUTEMAN,  and  this  system  would  likely 
be  deployed  in  western  desert  alluvial  environments  such  as  the  Tularosa  Basin 
and  the  Jornada  del  Muerto  Valley,  sites  for  the  Pre  DICE  THROW  and  DICE  THROW 
tests,  respectively.  Therefore,  it  is  of  interest  to  gain  insight  into  the 
mechanisms  of  wave  propagation  in  these  desert  alluvial  environments. 

For  the  above-stated  reasons,  the  Air  Force  Office  of  Scientific  Research 
sponsored  the  AFWL's  participation  in  the  DICE  THROW  series  of  tests. 

EXPERIMENT  DESCRIPTION 

The  seismic  instrumentation  for  the  DICE  THROW  event  consisted  of 
measurements  at  17  ground  stations  as  shown  in  Figure  1.  The  five  close-in 
(or  strong-motion)  stations  to  the  west  of  GZ  were  recorded  by  the  AFWL,  the 
two  far-field  ctations  to  the  north  recorded  by  Southern  Methodist  University 
(SMU),  and  the  ten  stations  to  the  east  and  south  were  recorded  by  the 
Environmental  Institute  of  Michigan  (ERIM).  All  gages  at  each  station  provided 
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useable  data.  The  layout  Mas  designed  In  a manner  similar  to  the  seismic 
project  design  for  the  Pre  DICE  THROW  II  CKperlments  (ref  1). 

RESULTS 

A.  Pre  DICE  Tn'ROW  II  Sunmary: 

A tyolcal  far-fleld  seismometer  record  from  the  Pre  DICE  THROW  II 
events  Is  $ho«ni  In  Figure  2.  Tiie  typical  first  arrivals  at  these  ranges  are 
alMays  the  refracted  P-waves  follOMed  soon  thereafter  by  a series  of  oscilla- 
tions characteristic  of  the  surface  Rayleigh  wave.  Next,  and  finally.  Is 
the  local  airslap  motion  due  to  the  passage  of  the  airblast  Immediately  over 
the  station.  These  Pre  DICE  THROW  events  are  atypical  In  that  two  strong 
Rayleigh-type  oscillatory  wave  packets  or  groups  are  present,  and  even  stranger 
Is  the  fact  that  the  second  Is  Inversely  dispersed  (higher  frequency  motion 
occurring  earlier  In  the  wave  group). 

Detailed  analysis  of  the  Pre  DICE  THROW  results  has  been  accomplished. 
Theoretical  Rayleigh  wave  dispersion  curves  have  been  calculated  using  the 
method  of  Haskell  (ref  2).  The  required  Input  for  the  calculations  consists 
of  a P-  and  S-wave  velocity  profile  which  was  obtained  by  refraction  seismic 
profiling  techniques  conducted  by  ERIH.  Results  are  shown  In  Figure  3,  along 
with  the  profile  used  In  the  dispersion  curve  calculations.  (Note  that  the 
frequency  of  motion  Is  centered  around  2-hert2.)  These  results  Indicate  both 
wave  groups  can  be  explained  by  conventional  wave  equation  solutions  for 
surface  wave  (Rayleigh)  motions.  These  surface  notions  become  apparent  at 
ground  ranges  of  several  hundred  meters  from  bursts  of  these  yields. 

Parallel  analysis  which  was  performed  on  the  Pre  DICE  THROW  II  wavefomE 
offered  a contrary  explanation  for  the  origin  of  the  second  wave  group. 
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PRE  DICE  THR(W  II-l  SEISflIC 
SHU  10.06  KM  STATION  - VERTICAL  VELOCITY 


Figure  2. 


Analysis  of  records  obtained  near  the  crater  region  Identified  a 2-hert2 
oscillatory  wave  which  apparently  originated  within  the  crater  region.  Figure  4 
shows  this  low  frequency  motion  at  the  49-meter  range.  Note  here  that  the 
motion  Is  stronger  on  the  horizontal  gages  than  on  th?  vertical,  Implying  an 
upstream  (rather  than  below)  source  of  motion.  Note  also  that  the  6.1  meter 
depth  measurements  appear  to  be  leading  (In  phase)  the  motions  nearer  the  surface. 
These  observations,  coupled  with  the  fact  that  the  crater  shape  was  atypical ly 
"flatbottomed,"  lead  us  to  believe  now  that  a sand  layer,  forming  the  floor  of 
the  crater,  liquefied,  and  the  low  frequency  motion  Is  a manifestation  of  the 
"fluid  slosh." 

Further  correlation  performed  on  the  near-cre.ter  results  (Figure  5) 
Indicates  that  this  low  frequency  crater  region  motion  Is  traceable  to  ranges 
In  excess  of  300  meters.  This  confuses  the  Rayleigh  wave  explanation  offered 
earlier  because  It  can  be  shown  that  Rayleigh  wave  motion  does  not  propagate 
purely  horizontally  from  the  crater  region. 

B.  DICE  THROW  Sunmary: 

The  OICF.  THROW  experiment  offered  a unique  opportunity  to  resolve  the 
apparent  contradiction  of  the  Pre  DICE  THROW  wave  motions.  The  shallow  geol- 
ogies at  the  Pre  DICE  THROW  and  DICE  THROW  sites  (Figure  6)  are  significantly 
different  (wet  versus  dry)  while  the  deep  geologies  (Figure  7)  are  generally 
quite  similar. 

There  would  be  every  reason  to  believe  that  the  far-fleld  seismic  motions 
from  DICE  THROW  would  be  similar  to  Pre  DICE  THROW  II  If  the  Rayleigh  wave 
explanation  was  accurate.  On  the  other  hand.  If  the  far-fleld  motion  was  In 
some  way  related  to  the  mechanics  of  motion  near  the  crater  region,  there  would 
be  no  reason  to  believe  far-fleld  measurements  would  be  similar. 
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Figure  7 


A typical  DICE  THROW  sel smoawter  Is  shown  In  Figur*  8.  Mote  the 
similar  wave  types.  On  the  other  hand,  note  the  comparison  In  Figure  9 of 
close-in  gages  which  show  significant  differences  In  type  and  frequency  of 
motion.  Therefore,  It  Is  concluded.  Rayleigh  wave  theory  must  explain  the 
far-fleld  motion. 

C.  Correlation  to  Other  Events: 

Ground  zero  for  the  DICE  THROW  event  was  located  about  three  miles 
frcm  the  site  of  the  Trinity  test  of  July  1945.  Don  Leet  (ref  3)  reported 
wave  motion  at  8 kilometers  from  DICE  THROW.  Leet  called  the  first  wave 
packet  the  ‘'Hydrodynamic **  wave  because  of  Its  prograde  particle  motion  and 
Identified  the  slower  wave  as  the  Rayleigh  wave.  This  slower  wave  Is  now 
Identified  as  the  fundamental  Rayleigh  mode,  while  the  first  Is  the  first 
higher  Rayleigh  mode. 

Similar  waveforms  have  also  been  observed  on  tests  conducted  at  the 
Hatching  Hill  Test  Site  on  the  Defense  Research  Establishment  iit  Suffleld, 
Canada  (ref  3).  The  deep  geology  there  Is  similar  In  origin  and  properties, 
so  It  would  seen  likely  that  theoretical  Raylelc^h  wave  dispersion  curve 
calculations  there  would  offer  like  explanations  as  to  the  u*1g1n  of  observed 
seismic  motions. 

SUWARY 

Seismic  motions  from  the  DICE  THROW  test  series  were  succe^ssfully 
measured.  Theoretical  Rayleigh  wave  dispersion  curve  calculations  were 
performed  that  agree  convincingly  with  recorded  .notions.  Two  wave  groups 
of  Rayleigh  surface  waves  are  present  in  these  typical  alluvial  geologies 
with  water  tables  less  than  50  meters  In  depth.  This  first  occurring  wave 
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qroup  has  prograde  notion  and  travels  at  a group  velocity  of  1,000  meters  per 
second.  The  second  wave  group  is  inversely  dispersed,  has  retrograde  motion, 
and  travels  at  a group  velocity  of  500  meters  per  second.  The  second  wave 
group  agrees  well  with  the  calculated  fundamental  Rayleigh  mode  while  the  first 
occurring  agrees  with  the  first  higher  mode. 

Motions  near  the  crater  region  from  the  DICE  THROW  and  Pre  DICE  THROW 
series  are  considerably  different.  The  2-hertz  oscillatory  signal  on  the 
Pre  DICE  THROW  events  was  not  observed  on  the  DICE  THROW  tests.  The  flat- 
bottomed  crater  and  the  2-hertz  signal  observed  on  the  Pre  DICE  THROW  events 
are  believed  to  be  caused  by  the  liquefaction  of  the  saturated  sand  iirmedlately 
beneath  the  crater. 
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BACKGROUND 

The  U.  S.  Army  Engineer  Waterwaye  Experiment  Station  MTES)  is 
conducting  research  for  the  Department  of  the  Army  to  determine  the 
response  of  tactical  protective  structures  to  the  effects  of  nuclear  and 
conventional  weapons.  Three  different  hurled  combat  seinrices  support 
shelters  and  a fighting  bunker  shell  were  subjected  to  the  blast  and 
shock  effects  of  the  DICE  THROW  Main  Event  and  follow-on  small  high- 
explosive  (HE)  teats. 

ORTECroIVEO 

The  primary  objectives  of  this  project  were  to  determine  the  responses 
of  cemdidate  Army  tactical  protective  structures  to  the  effects  of  the 
DICE  THROW  Main  Event,  to  describe  the  Internal  environment  of  the  struc- 
tures during  loading,  and  to  verify  design  and  analytical  procedures. 
Secondary  objectives  were  to  determine  the  responses  of  the  buried 
metal- framed  fabric -covered  shelters  when  subjected  to  the  effects  of 
localized  HE  loadings  simulating  the  blast  effects  of  conventional 
weapons. 

SCOPE 

Four  burled  metal-framed  fabric-covered  slielters  and  two  corrugated 
metal  fighting  bunker  shells  were  tested.  Two  of  the  buried  fabric- 
covered  shelters  and  the  two  bunker  shells  were  instrumented  with 
Ul  channels  to  obtain  pressure,  acceleration,  velocity,  and  strain  data. 
Passive  instrumentation  was  used  to  measure  the  resnonses  of  the  remaining 
two  fabric-covered  shelters.  The  airblast  loadings  were  obtained  from 
data  collected  by  the  U.  S.  Army  Ballistic  Research  laboratory  (BRL). 

Follow-on  tests  using  T.26-kg  (l6-pound)  spheres  of  TNT  to  simulate 
the  blast  effects  of  conventional  weapons  were  conducted  on  two  of  the 
fabric-covered  shelters  that  were  not  damaged  during  the  main  event . 
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One  of  these  shelters  was  instrumented  «u»d  the  other  was  not.  Twenty- 
five  channels  of  data  were  recorded. 

TEST  PROCEDURES 

STRUCTURE  LAYOUT  AND  INSTALLATION 

Structure  layout  is  shown  in  Figure  1.  Pits  were  dug  with  a 
backhoe  2.1  metres  (7  feet)  deep  and  1.2  metres  (*<  feet)  wider  and 
longer  than  the  shelters.  The  pits  were  graded  by  backfilling  with 
0.3  to  O.U  metre  (12  to  16  Inches)  of  hand-tamped  soil.  Backfill  was 
placed  around  the  shelters  with  a small  backhoe  without  any  additional 
compaction.  Care  was  taken  to  ensure  that  no  large  chunks  of  soil  were 
placed  directly  against  the  shelters.  The  shelters  were  covered  with 
1.2  metres  (1*  feet)  of  soil,  and  the  two  fighting  bunkers  were  covered 
with  0.6  metre  (2  feet)  of  soil.  The  Instrumented  structures  (PSla  and  b 
and  PS2a  and  b)  were  located  neeur  the  BRL  alrblast  gage  line  1 to  obtain 
accurate  alrblast  loadings. 

■s 

STRUCTURE  DESCRIPTION 

A comparison  of  the  three  fa>rlc-ccvered  shelters  (PSl,  PS3,  and 
PSU)  is  presented  in  Table  1 and  Figure  2. 

Structures  PSla  and  b.  These  identical  shelters  were  placed  at 
different  ranges  from  ground  zero  (GZ)  to  gacher  data  on  varying  degrees 
of  structural  damage  with  range.  A conceptual  drr.  .ng  is  shown  in 
Figure  3,  and  construction  drawings  are  shown  in  Figure  *4.  Each  shelter 
was  composed  of  semielliptical  metal  frames  covered  with  a flexible 
fabric  that  supported  the  soil. 

The  shelter  itself  was  composed  of  U steel  elements:  interior 
frames,  end  frames,  longitudinal  braces,  and  pipe  connectors;  and  a 
flexible  fabric  cover.  The  end  and  interior  frames  were  fabricated  from 
steel  tubing  formed  into  on  elliptical  c.rch.  A straight  section  of 
tubing  was  welded  to  each  of  the  two  sides  at  the  bottom  of  the  arch. 

End  frames  were  braced  vertically  and  horizontally  to  provide  support 
for  the  fabric  covering  at  the  end  of  the  shelter.  Four  longitudinal 
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braces  held  the  frames  in  place  while  the  shelter  was  being  covered  with 
soil  and  prevented  the  shelter  fron  collapsing  like  an  accordion.  The 
flexible  fabric  cover  was  a 2-ply,  neoprene-coated  nylon  fabric  designated 
as  U.  S.  Army  standard  landing  mat  T-IT  membrane. 

The  0.6-metre-  (2-foot)  square  vertical  entranceway  led  into  a 
0.6-metre-  (2-foot)  wide  by  1.8-metre-  (6-foot)  high  by  3-metre-  (lO-foot) 
long  horizontal  corridor  connected  to  the  main  shelter.  The  assembled 
shelter  and  entranceway  are  shown  in  Figure  5.  The  T-17  membrane  was 
draped  over  the  shelter  and  allowed  to  fold  on  the  ground  approximately 
0.1»6  metre  (ifl  Inches)  away  from  the  sides  of  the  shelter  (Figure  6). 

The  fabric  was  wired  to  the  end  frames  of  the  shelter  to  hold  it  in 
place  during  backfilling.  Backfill  placement  and  an  Interior  view  of 
the  shelter  are  shown  in  Figures  7 and  8,  respectively. 

Structure  PS3.  This  shelter  was  an  enlarged  version  of  Structures 
PSla  and  b.  The  construction  drawing  and  the  assembled  shelter  are  shown 
in  Figures  9 and  10,  respectively.  The  entranceway  was  a vertical  shaft 
0.6  metre  (2  feet)  square  and  fabricated  from  2.5J4~cm-  (l-lnch)  diameter 
standard  tilpe  at  one  end  of  the  structure.  An  interior  view  of  the 
completed  shelter  is  shown  in  Figure  11. 

Structure  PS^t.  This  shelter  consisted  of  the  British  Mark  II 
steel-framed  structure  covered  with  the  T-17  membrane.  Construction 
drawings  for  the  shelter  are  shown  in  Figure  12.  This  shelter  was  tested 
in  previous  nuclear  weapons  alrblast  simulation  events.  The  shelter 
consisted  of  three  simple  steel  structural  members:  pickets,  arches, 
and  spacers;  and  a flexible  fabric  cover.  .Snacers  were  used  to  provide 
latereJ.  support  for  the  picket-arch  frame  and  acted  with  the  arches  to 
support  the  earth  cover.  The  framework  was  covered  with  the  T-17  membrane 
held  in  place  by  the  earth  backfill.  Attachment  of  the  fabric  to  the 
shelter  is  shown  in  Figure  13,  and  an  interior  view  of  the  completed 
shelter  is  shown  in  Figure  1*». 

Structures  PS2a  and  b.  Structures  PS2a  and  b were  identical  corru- 
gated metal  fighting  bunker  shells  located  at  two  overpressure  ranges 
from  GZ.  These  bunker  shells  were  designed  at  TCS  in  response  to 
requirements  during  the  Vietnam  conflict. 
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Construction  drawings  are  shown  In  Figure  1^.  The  bunker  shells  were 
made  of  four  quarter-circular  sections  of  1.2-metre  (•♦-foot)  radius 
that,  when  connected,  were  metres  (7  feet  9 inches)  squaire  at  the 
base  and  0.9  metre  (3  feet)  high  at  the  crown  (Figure  l6).  When  placed 
over  an  unllned  hole  1.5  metres  (5  feet)  in  diameter  and  1.2  metres  (•♦  feet) 
deep,  the  bunker  shells  had  a vertical  clearance  of  2.1  metres  (7  feet) 
at  the  crown  and  approximately  1.8  metres  (6  feet)  at  the  extreme  perimeter 
of  the  pit.  Also,  a firing  shelf  with  a minimum  width  of  O.li  metre 
(l  foot  •♦  Inches)  was  provided  at  each  firing  port.  The  firing  or 
observation  ports  were  0.6-raetre-  (2lt-inch)  wide  by  0. •♦-metre-  (l6-lnch) 
high  apertures  in  each  side  of  the  bunker  shell.  Flat,  trapezoidal, 
corrugated  steel  sheets  were  bolted  to  the  sides  of  the  bunker  shells 
over  each  aperture.  The  two  nonparaliel  sides  of  the  aperture  bean  were 
supported  by  sandbags.  Soil  cover  on  the  bunker  shells.  Including  the 
aperture  beans,  provided  protection  from  conventional  weapons  effects. 

For  DICE  THROW,  the  bunker  shells  were  covered  with  0.6  metre  (2  feet) 
of  soil.  A completed  bunker  shell  is  shown  in  Figure  17. 

MEASURIM2JTS  AND  DATA  REDUCTION 

Forty-one  data  channels  consisting  of  pressure,  strain,  velocity, 
and  acceleration  were  recorded  during  the  main  event  on  Structures  PSla, 
PSlb,  PS2a,  and  PS2b.  Passive  instrumentation  was  used  for  Structures  PS3 
and  PS^4,  and  general  comparisons  of  damage  levels  were  made  with  Struc- 
ure  PSla.  The  Instrumentation  layouts  (Figure  l8)  were  identical  for 
Structures  PSla  and  b.  With  the  exception  of  the  accelerometers  located 
in  the  floor  of  Structure  PSPb,  the  Instrianentatlon  layouts  (Figure  19) 
were  identical  for  both  of  the  corrugated  metal  fighting  bunker  shells. 

Photographs  of  the  damage  to  the  structures  were  taken.  Preshot 
id  postshot  measurements  were  made  at  selected  points  inside  all  struc- 
tures to  determine  permanent  displacements. 

All  electronic  data  were  recorded  in  analog  form  on  magnetic  tape 
and  were  subsequently  reduced  to  digitized  magnetic  tape  form  at  TOS  at 
a digitizing  rate  of  50  kHz.  Data  reduction  and  plotting  of  the  final 
filtered  data  were  done  at  WES  using  standard  WES  data  reduction  codes. 


FIELD  TEST  RESULTS  AND  DISCUSSION 


TEST  DATA 

Two  of  the  1*1  channels  of  data  lecorded  during  the  main  event  were 
lost  due  to  defective  relays  at  the  tine  of  the  test.  Analog  records  of 
the  remaining  39  data  channels  are  presented  in  Appendix  A.  Gage 
Identification  is  explained  in  the  following  example: 


PS2a 


Structure 

Number 


Gage  Orientation 
Gage  Type 
Gage  Tocat'*  on 


Gage  locations  and  types  are  shown  in  Figures  l8  and  19.  Alrblast 
loadings  obtained  from  BRL  data  are  shown  in  Table  .1. 

DAMAGE  SURVEY 

The  fabrics  and  main  frames  of  Structures  PSla,  PSlb,  and  PS3  were 
not  damaged  during  the  main  event.  A postshot  view  of  the  interior  of 
Structure  PSla  is  shown  in  Figure  20.  All  three  shelters  were  driven 
into  the  ground  5-1  to  7.6  cm  (2  to  3 inches),  and  the  sag  in  the  fabric 
was  increased  approximately  2.5  cm  (l  inch)  by  the  explosion  effects. 

Figiire  21 -shows  the  penetration  of  an  arch  frame  base  that  was  originally 
bxiried  flush  with  the  earth  floor.  The  sides  of  the  entronceways  into 
Structures  PSla  and  b were  bent  at  midheight  and  are  shown  in  Flgiu-e  22 
after  all  soil  was  removed.  The  vertical  shaft  entranceway  to  Struc- 
ture PS3  was  undamaged. 

Structiure  PS^»  was  unsafe  to  enter  after  the  test.  When  the  shelter 
was  excavated,  all  of  the  pickets  were  found  to  have  5.1  to  7.6  cm 
(2  to  3 Inches)  of  permanent  deflection  at  midheight  (Figure  23),  and 
the  ends  of  the  eu'ch  ribs  were  bent  inward  about  2.5  cm  (1  inch).  The 
entire  shelter  was  driven  into  the  ground  approximately  15.2  cm  (6  Inches). 

A large  amount  of  dust  was  found  inside  the  shelters  after  the 
test,  illustrating  the  need  for  some  type  of  closure  and  covering  on  the 
earth  floor  of  the  shelter. 
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Little  structiiral  damage  occurred  to  the  two  fighting  hunker 
shells,  PS2a  and  h.  The  firing  porh  heam  facing  GZ  on  Structure  PS2a, 
which  was  located  at  the  137.9-kPa  (20-p8i)  range,  buckled  and  was 
foldsd  down  into  the  firing  port  (Figure  2U).  The  remaining  firing 
ports  were  blocked  by  sandbags  knocked  from  the  roof  by  the  airblast. 

There  was  no  other  damage.  Structure  PS2b,  which  was  located  at  the 
6G.9-kPa  (10-psl)  range,  received  no  structiiral  damage.  The  firing 
ports  were  only  partially  blocked  by  falling  sandbags  (Figure  25). 

STRUCTURE  RESPONSE 

The  pressure  Increases  in  Structures  PSla  and  b reached  a peak  of 
approximately  62.1  kPa  (9  psl)  with  a rise  time  of  lU  msec  (Fig\ire  26). 
This  pressure  history  is  sufficient  to  cause  eardrum  injury  to  personnel 
in  the  shelter.  Possible  personnel  in.luries  could  occur  from  objects 
inside  the  shelter  entrained  in  the  blast  flow.  Measured  accelerations 
on  the  floors  of  the  shelters  were  well  below  levels  that  would  cause 
injuries  to  standing  or  sitting  personnel  in  the  shelter. 

Strain  and  velocity  measureraents  for  Shelters  PSla  and  b are  shown 
in  Figures  27  and  28,  respectively.  Peak  strains  exceeded  the  elastic 
limit  1 however,  there  were  no  signs  of  pe;Taanent  deformation.  Integrated 
velocity  records  show  a transient  displacement  of  about  12.7  cm  (5  inches) 
and  a permanent  displacement  ex'  7. f cm  (3  inches),  which  was  about  the 
same  amount  that  the  shelters  were  driven  into  the  ground. 

Recorded  pressures  Inside  the  two  fighting  bunker  shells.  Struc- 
tures PS2a  and  b,  were  about  the  same  as  the  free-field  blast  pressures 
at  the  sar-ie  range.  Typical  strain.s  measured  were  0.007  to  O.OOR  mm/cm 
(700  to  800  uin./ln.)  or  abov\t  one-half  the  yield  strain  of  the  steel. 
Velocity  records  were  Integrated  to  obtain  deflections  at  the  crowns. 

The  integrated  records  showed  the  bunker  shells  to  have  moved  upward 
approximately  2.5  cu  (l  inch)  dui'ing  the  nassage  of  the  airblast  and 
then  returned  to  their  original  position.  Pressure,  strain,  and  velocity 
measurements  for  Structure  PS2a  ore  shown  In  Figure  ?9. 
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FOLLOM-OR  TESTS 


TEST  FLAW 

Originally,  HE  follow-on  testa  were  to  be  conducted  on  the  three 
fabric-covered  shelters  located  at  the  206.7-hPa  (30-pal)  overpressure 
range.  However,  Structure  PS4  was  excluded  because  cf  the  extent  of 
damage  received  in  the  main  event.  The  other  two  shelters  were  subjected 
to  the  detonation  of  7.26-lcg  (l6-pound)  spheres  of  TNT  placed  at  the 
locations  shown  in  Figiire  30.  The  7.26-kg  (l6-pound)  TOT  spherical 
charges  produce  approximately  the  same  blast  effect  as  a 155-nan  artillery 
round.  The  Instrumentation  used  for  the  main  event  in  Structure  PSlu 
waa  also  used  during  the  follow-ou  teats.  Twenty-five  channels  of  data 
were  recorded. 

STRUCTUHE  RESPONSE 

Structure  PSla  waa  not  damaged  from  the  effects  of  the  detonation 
of  the  TNT  charges  with  centers  of  gravity  located  above  the  crown  of  the 
structure  and  on  the  surface  of  a 1.2-inetre-  (U-foot)  thick  soil  cr-  sr 
or  buried  at  middepth  and  3 metres  (10  feet)  from  the  side  of  the  shelter. 
When  this  charge  was  located  at  middepth  and  3 metres  (10  feet)  from 
the  endwall,  the  endwall  was  bowed  in  appi-oxlmately  5 cm  (2  inches) 
at  its  center.  The  fabric  cover  was  not  damaged.  With  the  soil  cover 
depth  reduced  to  0.9  metre  (3  feet)  and  the  TNT  charge  detonated  half 
buried  over  the  shelter  crown,  the  fabric  covei'  ruptured  (Figure  3l'. 
Instrumentation  mounts  located  on  the  frame  directly  beneath  the  charge 
appeaured  to  have  caused  the  fabric  cover  to  tear.  Tne  steel  frame  was 
not  damaged  structurally  (Figure  32).  The  third  frame  from  the  left  end 
in  Figure  32  was  bent  while  attempting  to  lift  the  shelter  from  the  pit 
before  all  of  the  soil  backfill  was  excavated.  Data  Indicate  that  the 
shelter  frame  directly  under  the  TNT  charge  was  stressed  to  about 
1-1/2  times  yield,  and  that  there  was  a pressure  buildup  inside  the 
shelter  of  about  6.9  kPa  (1  psi). 

Structure  PS3  was  not  damaged  when  the  charges  were  placed  over  the 
shelter  crown  with  1.2  metres  (U  feet)  of  soil  cover  or  at  the  shelter 
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middepth  and  3 metres  (10  feet)  from  the  side.  The  charge  at  the  shelter 
middepth  and  3 metres  (lO  feet)  from  the  rear  endvall  pushed  the  center 
of  the  endwall  inward  about  5 cm  (2  inches)  (Figure  33).  With  the  soil 
cover  reduced  to  0.9  metre  (3  feet)  and  the  TNT  chai-ge  detonated  half 
buried  ov?r  the  crown  of  the  shelter,  the  frame  directly  beneath  the 
charge  was  bent  as  shown  in  Figure  3^.  The  crown  was  deformed  approximately 
15.2  cm  (6  Inches)  and  is  compeu'ed  In  Figure  35  with  on  undeformed  frame. 

The  deformed  framework  for  the  entire  shelter  is  shown  in  Figure  36. 

CONCLUSIONS 

Based  on  the  results  of  the  main  event,  the  following  conclusions 
were  drawn  for  the  buried  combat  services  support  shelters : 

1.  Structures  PSla,  PS3,  and  PSU  will  survive  the  ground  shock  and 
airblast  at  the  206.7  kPa  (30-psi)  overpressure  range. 

2.  Structures  PSl  and  PS3  are  stronger  them  Structure  PSU. 

3.  Accelerations  inside  the  shelters  at  the  206.7-kPa  OO-psi) 
range  are  not  sufficient  to  cause  personnel  injury. 

h.  Simple  blast  closures  should  be  provided  to  reduce  the  effects 
of  airblast,  dust,  and  debris  on  personnel. 

5.  The  shelters  should  be  constructed  with  some  type  of  flooring 
to  minimize  dust. 

From  the  follow-on  HE  tests,  it  can  be  concluded  that  Struc- 
tures PSl  and  PS3  with  1.2  metres  (•<  feet)  of  soil  cover  can  sujrvlve  a 
direct  hit  by  a point-detonating  155-mm  artillery  round  or  a delay-fuzed 
round  landing  within  3 metres  (10  feet)  of  the  shelters. 

The  fighting  bunker  shells.  Structures  PS2a  and  b,  will  survive  the 
effects  of  long-duration  airblast  loadings.  The  blast  pressure  buildup 
inside  the  hunker  shells  is  about  the  same  as  that  of  open  field 
fortifications. 


TABLE  1 COMPARISON  OF  METAL-FRAMED  FABRIC-COVERED  SHELTERS 


Item 

PSl 

Small 

ElllDtlcal 

Structure 

PS3 

Large 

' Elliptical 

PSU 

Rectangular 

Height,  m (ft) 

1.80  (5.90) 

l.y6  (6.UI4) 

1.83  (6) 

Width,  B (ft)* 

l.UO  (U.60) 

1.73  (5.67) 

1.68  (5.5) 

Length,  m (ft) 

3.05  (10) 

3.05  (10) 

2.90  (9.5) 

2 2 

Floor  area,  m (ft  ) 

3. S'*  (36) 

14.37  (1*7) 

6.32  (68) 

Shelter  volume, 

(ft^) 

6.51  (230) 

8.78  (310) 

9.63  (3I4O) 

Shipping  volume, 
m^  (ft^)^ 

0.82  (29) 

1.1*2  (50) 

0.68  (2M 

Shipping  weight. 

227.27  (500) 

318.18  (700) 

215.91  (1*75) 

kg  (Ib)^ 


*^At  widest  point. 

'*Doe3  not  Include  entrance  tunnel. 


TABLE  2 

FREE-FIELD 

TRAftSIEHT 

OVERPRESSURE  DATA 

Range 

Peak 

Time  of 

Positive  Phase 

Impilse 

from  GZ 

Pressure 

Arrival 

Duration 

kPa-msec 

Structure  ra  ( ft ) 

issmsn 

msec 

msec 

PSla 

PS3 

— 198.12 

215  (31.2) 

156 

122 

6930  (1005) 

(650) 

PSl* 

PSlb 

228.60 

137  (19.9) 

210 

ll*0 

5655  (820) 

■”  (750) 

PS2a 

PS2b  1 — 30l* . 80 

60  (8.7) 

376 

203 

51*68  (793) 

(1000) 
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LEGEND 


PGlai  PSIb  -DURiED  FABRfC-COVERED 
ELLIPTICAL  SHELTERS 

PS2*  tPS2b  > CORRUGATED  METAL  RGHTIN  HOLE 


PS3  • BURIED  FABRIC  COVERED 

ELLIPTICAL  SHELTER.LARGE  SIZE 

PS4  - BURIED  MtXESKELTBT 
STRUCTURE  UKATKW 


GERMAN 

STRUCTURES 


STRUCTURE 

AZIMUTH 

RANGE 

PSU 

50* 

650* 

PSlb 

52.5* 

750* 

PS2j 

47.5* 

750* 

PS2b 

55* 

1000' 

PS3 

45P 

ISO' 

PS4 

425 

050* 

ALL  RANGE  DISTANCES  ARE  TO  THE 
STRUCTURE  CENTERLINE 


BRL  AIRBLAST 
INSTRUMENT  LINE 


B ABOVE  GROUND 
STRUCTURES 


Figure  1.  Structure  layout,  DICE  THROW  Event. 


note:  to  convert  feet  to  metres,  multiply 
by  0.301«8,  To  convert  poiuids  (force)  per 
square  Inch  to  kilopascals,  multiply  by  6.89^. 


Figure  11.  Interior  viev  of  Structure  PS3. 


m-AiT\  / \ V- 


Figure  12.  Constmcticn  drawing  for  Structure  PSU. 
note;  6o  degrees  = 11/3  radian. 


Figure  l6.  Assembly  of  Structures  P52a  and  b. 
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PRESSURE 

ACCELERATION  \'ERTICAL,AV 
■ ACCELERATION  HORlZONTAL,AH 
^ELERATION  TANGENTIAL,  AT 

STRAIN,  E 

VELOCITY  VERTICAL, UV 


* NUMBERS  INDICATE 
GAGE  LOCATIONS 


Figure  19.  Instrumentation  layout  for  Structures  ?S2a  and  b. 


Figure  21.  Base  of  shelter  frame  that 
has  been  driven  into  the 
ground . 


a.  Dugout  frame. 


*■  ’ i M-  '•'*.*.o'"-  ^V'*  ...•  . 1 

' ■•!i  yj  ‘^‘■.  * •'.  * '<*  ''  /i 

• V • • V 


b.  ■ Permanent  dct'lecticn  of  pickets 


Figure  23.  Po.stshot  vievs  of  Shelter  PS4 
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Figure  29.  Pressure,  strain,  and  velocity  measurements.  Structure  PS2a. 
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